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Abstract 
In this thesis, two problems have been studied: one is the reliability of design 
resistances of composite beams in bending, the other is the longitudinal shear 
resistances in concrete flanges of composite beams with profiled sheeting. 
For the first problem, a general theory is developed based on the concepts of 
safety-index and second-moment reliability, to analyse the reliability of a design 
resistance for composite structures. This theory consists of two basic parts: one is 
the determination of several distinct safety factors for a single resistance function, 
with respect to the specified safety level; the other is the assessment of safety 
level, corresponding to given safety factors. Application of this theory is related 
to the relevant test results. In the scope of Eurocode 4, this theory is particularly 
used to calibrate safety factors employed for design plastic bending resistances of 
composite beams. From the calculation based on 122 test results, the reliability 
of using the Eurocode provisions, including the recommended safety factors and 
the theoretical models, is judged for bending resistances of beams with full and 
partial shear connection. 
In studying the longitudinal shear resistances in concrete flanges of compos- 
ite beams with and without profiled sheeting, a simple theory to determine the 
resistances is established. This theory is based on the "friction- cohesion" and 
"concrete strut" models for concrete in shear and takes the effect of profiled 
sheeting into account. Associated with the theoretical work, seven tests on three 
specimens for investigating the longitudinal shear resistances are reported. From 
both experimental results and theoretical calculation, the behaviour of the test 
specimens is studied, and, finally, new design recommendations are made to pre- 
dict the longitudinal shear resistances of the composite beams. 
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Chapter 1 
Introduction. 
1.1 Presentation of the problems 
Composite beams are common structural members in engineering. In designing 
the bending resistance of these beams, safety factors are normally employed. 
These safety factors should, at a specific probability level, cover the following 
random variations: 
s the difFerence between the theoretical model and the real behaviour, and 
the variation of the geometric dimensions, which may be defined as the 
model uncertainty; 
e the variation of the material strengths, which may be defined as the uncer- 
tainty of material strength; 
e the variation of the loads, which may be defined as the load uncertainty. 
Therefore, it is reasonable to determine safety factors on a probabilistic base. 
In design of structures, safety factors are usually set for loads on the structure 
and structural resistance separately. So these factors are called partial safety 
factors. 
On the resistance side, for each kind of material used in a composite structure, 
a particular safety factor is normally Imployed for the design. Therefore, to 
1.1 Presentation of the problems 
determine the bending resistance in a composite beam, several different safety 
factors would be used within one formula (11, i. e. 
* -ý,, applied to the steel strength fy; 
a -ý, applied to the concrete strength f,; 
e ^ý, applied to the reinforcement strength f. 5; 
* 7, applied to the strength of shear connection PR; 
These partial safety factors should be determined by considering both the 
model uncertainty and the uncertainty of material strength. Therefore a reliabil- 
ity analysis is needed, in which the following work should be done: 
(1) the calibration of partial safety factors for resistance, with respect to the 
given safety level (or failure probability); 
(2) the determination of the safety level (or failure probability) of the design 
resistance, corresponding to given partial safety factors. 
Associated with bending, a composite beam must also be designed for resis- 
tance to longitudinal shear. 
Corresponding to the normal stress on concrete and steel due to bending as 
shown in Figure 1.1 (a), on the transverse cross-section of concrete flange exist the 
normal force F and shear force Q, as shown in Figure I. I(b); correspondingly, 
the forces on the longitudinal surface, F, Ft,,,, and Ft,, t would occur. 
Therefore, in order to prevent the possible failure of composite beams caused 
by such longitudinal shear and in-plane bending, along the critical surfaces as 
shown in Figure 1.2, sufficient resistance is needed to resist the shear force F 
and the bending forces Ft,, t and Ft,,,. In practice, the transverse tensile force 
Ft,, t is usually designed to be resisted by the transverse reinforcement, while the 
concrete is considered to resist F and Ftr, c, 
I 
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Figure 1.1: The longitudinal shear in the concrete flange 
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Figure 1.2: Cross-section of composite beam with profiled sheeting, and potential 
surfaces of shear failure 
The flanges of the composite beams may be built up with the profiled sheets. 
These sheets normally have the shape shown in Figure 1.2. When proper anchor- 
age of the sheeting to the steel beam is used, e. g. when stud shear connectors 
are welded to the steel beam directly through the sheets [1], the profiled sheets 
may be expected to help to resist transverse tension Ft,, t or the longitudinal shear 
F, which would lead to stronger longitudinal shear resistance in the composite 
beams. Therefore, the longitudinal shear resistance of composite beams with 
profiled sheeting needs to be researched by investigating the following problems: 
(1) the behaviour in longitudinal shear of the composite beams with and with- 
out profiled sheeting 
determination of the relative contributions from profiled sheeting, reinforce- 
ment and concrete to the longitudinal shear resistance. 
1.2 Previous research on structural -reliability 
1.2 Previous research on structural reliability 
As reviewed by Madsen et al (22] , the development of structural reliability theory 
began in the 1920s. Since the 1960s, there has been a rapid growth of academic 
interest in such theories and a growing acceptance by engineers of probability- 
based structural design. 
In modern safety analysis for structural engineering, the theory called the 
second-moment reliability method is commonly used, which was originally sug- 
gested by Cornell [23,241. The idea behind this theory was that all uncertainties 
concerning the structural reliability can be expressed solely in terms of expected 
values (first moments) and covariances (second moments) of all the variables. In 
measuring the structural safety, Cornell 124] also defined a safety index. The 
safety measurement from such an index was then widely accepted in structural 
reliability analysis, as reviewed below. 
To obtain consistent safety measurement for different definitions of the failure 
function, Hasofer and Lind [251 further studied the safety index and showed that 
this index can be defined as the distance from the mean of the variable vector to 
the failure region boundary, measuring the variables in standard-deviation units. 
It was then shown [221 that safety assessment in structural design from the safety 
index can be made from a design point, 
Applying tlic concepts of second-moment reliability and safety index, Ang 
and Cornell (261 further developed the safety-index design formats for assessing 
structural safety and performance, and presented the formulation of evaluating 
the uncertainties of resistance and load effect from the variances of the basic 
variables. 
Following the study by Ang and Cornell [261, Ellingwood and Ang [27] il- 
lustrated the quantitative analysis of design uncertainties and investigated the 
effects of uncertainties of basic design variables 
(geometric properties, material 
strengths, etc) on reliability of a design. 
Based on the safety-index design formats, a series of calibrations have 
been 
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carried out to investigate the safety level in design codes [28,29,30,31]. In these 
works, the safety index was used to obtain the safety margins on load side and 
the resistance side. On the load side, considering that the effects of different loads 
were additive, the partial safety factors for different loads were calibrated, while 
on resistance side, the calibrations usually achieved a single safety factor for the 
safety margin of the resistance. 
In 1988, the Nordic Committee on Building Regulation (NKB) [32] established 
the guidelines for determining reliability in structural design. A method of partial 
coefficients, developed from the safety-index theory, was presented there, which 
divided the partial safety factors into several parts, to consider the uncertainties 
in material strength, design model for resistance and load effect, geometric di- 
mensions, etc. With this method, the reliability of a design format would be still 
calibrated by taking one safety factor to represent the total safety margin on the 
resistance side. 
In 1987, a general procedure based on the safety-index theory was developed 
by Bijlaard et al [33], to make reliability analyses, particularly for structural 
resistances. This procedure can be directly used to calibrate the design formulae 
of resistances with one safety factor. According to this procedure, to assess the 
uncertainties of a predicted resistance, test data for the resistance should be used 
to find out in terms of statistics the difference between a theoretical model for 
the resistance and the reality, which was also recommended in JCSS working 
document [34]. 
The procedure presented in [33] has been directly applied to calibrate the de- 
sign resistance of stud connectors in composite structures [35,36], whose formula 
only employs one safety factor. 
As indicated above, for bending resistance in composite beams (and some 
other resistances), distinct safety factors are currently required within one design 
formula [1], and these factors also need to be calibrated through a safety analysis, 
on which, however, few studies have been carried out so far. 
1.3 Previous research on longitudinal shear resistance of composite beams 
1.3 Previous research on longitudinal shear re- 
sistance of composite beams 
In order to investigate shear transfer behaviour of concrete and the longitudinal 
shear resistance of a reinforced concrete flange, some researches have been done 
in the past. 
In studying the behaviour of connections in precast concrete buildings, Birke- 
land and Birkeland [17] and Mast [18] developed a "shear-friction" model to 
describe shear transfer on a cracked concrete in monolithic concrete. This model 
suggested that along a crack in concrete, the tension in reinforcement due to 
slippage and subsequent separation along the crack would cause the concrete on 
the cracked surface to be subject to compressive stress, and the shear resistance 
across the crack may be determined as the friction force caused by the yield stress 
of reinforcement and an appropriate friction factor. 
Hofbeck and Mattock et al [2,19] carried out a series of push-off and pull-off 
tests to investigate shear strength in reinforced concrete with and without a pre- 
exiting crack. They found that the shear-friction hypothesis gave a conservative 
estimation for shear transfer strength of concrete. Hofbeck et al [2] found from 
the test results that, within certain upper limit, the shear strength of concrete 
along an initially cracked surface was as a combination of cohesion and friction 
effects. A truss model was introduced by Mattock and Hawkins [19] to analyze 
the shear transfer behaviour of initially uncracked concrete with reinforcement 
normal to the shear plane. Considering the cohesion effect in concrete, Mattock 
and Hawkins [19] presented a safe estimation of the maximum shear that, within 
a certain upper limit, could be transferred across a pre-cracked shear plane in 
concrete. 
The "friction-cohesion" model was used by Regan and Placas [3] to study 
the longitudinal shear with in-plane bending in flanges of reinforced concrete 
T beams. Nielsen et al showed in their book [10] that the failure criterion for 
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concrete may be developed from the "friction- cohesion" concept. 
The "shear-friction" approach was recommended by Sen and Chapman [4] for 
designing composite beams for longitudinal shear. To investigate the longitudinal 
shear resistance in composite beams with solid slabs, they carried out tests on 
eleven beams, including four haunched beams whose ribs were higher than the 
studs. 
Based on results of tests on composite beams and shear tests on reinforced 
slabs, Johnson [11,12,13] studied the effect of transverse reinforcement on longi- 
tudinal shear resistance in composite beams with and without transverse bending 
and made design recommendations for the top and bottom transverse reinforce- 
ment in slabs. He suggested from the tests [11] that, in design, the top transverse 
reinforcement can be allowed to resist both transverse bending and longitudinal 
shear. 
In 1975, Morley and Rajendran [5] presented an approximate plastic theory 
for the limit state of longitudinal shear in reinforced concrete flanges, where they 
related the shear strength to the compression strength in concrete by means of 
Mohr's circle. Based on an assumed position of the neutral axis in the concrete 
slab, they also studied the relationship between the effective width in slabs of 
composite beams and the amount of transverse reinforcement. 
Profiled sheets have been used in composite structures for a long time. The 
bending resistance of composite beams with profiled sheeting has been studied 
quite comprehensively [9,14,20,211, but little literature can be found on longitu- 
dinal shear resistance in such beams. However, a common opinion [1,9] has been 
formed that the profiled sheets can act as transverse reinforcement to composite 
beams. 
Currently, the design formulae provided in Eurocode 4 [11 for predicting longi- 
tudinal shear resistance in composite beams are based on the truss-analogy that 
was applied to the vertical shear in a reinforced concrete web [7]. According to 
this code model, longitudinal shear resistance in composite beams is determined 
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by either yielding of the transverse reinforcement or crushing in the concrete 
struts. For situations where profiled sheeting is used, the code only allows the 
transverse sheeting, as shown in Figure 1.2(b), to be considered to contribute to 
longitudinal shear resistance the same way as transverse reinforcement, when the 
sheeting meets certain conditions stated in the code. 
1.4 Layout of the thesis 
In this thesis, work on problems is presented; one is the reliability analysis for 
resistances of composite beams to bending, aiming at calibrating the different 
safety factors which are applied in one formula to different materials, as given by 
Eurocode 4 [1]; the other is the study of longitudinal shear resistances in com- 
posite beams with profiled sheeting, to understand the behaviour in longitudinal 
shear of the composite beams and the efFect of profiled sheeting on the resistance 
to shear. 
Chapter 2 to Chapter 5 are devoted to the work of reliability analysis, while 
Chapter 6 to Chapter 10 present the investigation of longitudinal shear resistance 
in composite beams. 
In Chapter 2, the theory of safety-index and second-moment reliability is 
briefly described at first, from which the distribution of overall safety margin 
between the loadings and the resistances can be determined. Then, corresponding 
to a target safety level, the design resistances of composite structural members 
is derived in detail, and a method is developed to calibrate distinct safety factors 
in one design formula for the resistances. In addition, a procedure of obtaining 
reliability of a design formula for the resistances with the given safety factors is 
presented. In principle, the theory presented in this chapter can be applied more 
generally, not just to bending resistances of composite beams only. 
Chapter 3 concerns particularly the reliability analysis in bending resistances 
of composite beams. In this chapter, the principles of selecting the reported 
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results of bending tests composite beams are presented at first; then, based on 
the accessible test data, the bending resistances of composite beams are classified 
into several groups. Subsequently, this chapter deals with the particular problems 
in assessing the reliability in bending resistances of composite beams, including 
processing of the test data, treatment of design parameters and algorithm for the 
calibrations. 
In Chapter 4, the calibration results for bending resistances of composite 
beams are presented at first; then, based on the calibration results, the reliability 
of bending resistances designed in accordance with Eurocode 4 [1] is discussed. 
Conclusions for reliability analysis of composite beams in bending are given 
in Chapter 5. 
Taking the effect of profiled sheeting into account, Chapter 6 presents a the- 
oretical model for determining the longitudinal shear resistances in composite 
beams. Longitudinal shear resistances in concrete flanges of a composite beam 
are studied with respect to failure of transverse reinforcement and sheeting at 
first; then, considering the concrete strength against crushing, the upper limit to 
such longitudinal shear resistance in concrete flanges is derived. The strength of 
profiled sheets contributing to the longitudinal shear resistances is also discussed. 
Seven tests on three specimens were done for investigating longitudinal shear 
resistance in composite beams. Chapter 7 reports details of the specimens and 
planning of the tests. 
Chapter 8 describes the test results and test procedures. 
In Chapter 9, according to both the theory established in Chapter 6 and 
the test results, several problems about the behaviour of composite beams in 
longitudinal shear are discussed, including the load to cause shear cracking in 
concrete, modes of longitudinal shear failure, the resistances to such failures, etc. 
Finally, recommendations are made for design of resistances of composite beams 
to longitudinal shear. 
Chapter 10 gives the conclusions of study of the longitudinal shear resistances. 
Chapter 2 
Reliability theory for resistances 
in composite structures 
2.1 Concepts of second-moment reliability and 
design resistances 
In the limit state design, it is normally required [1,8] that the resistance in a 
structure should be not smaller than the corresponding load effect. Therefore, 
the structural reliability for such a design may be classified as [22,261 
r-s>0 (acceptable, safe) 
r-s=0 (critical) 
r-s<0 (unacceptable, unsafe) 
where 
r is the structural resistance at a limit state; 
.s is the 
load effect corresponding to the resistance r. 
In structural safety analysis, both r and s are treated as random variables; 
and, normally, r and s are further assumed to be mutually uncorrelated [22-26]. 
Expression (2-1) suggests that the reliability state for structural performance can 
be measured by the random variable r-s. 11 
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With respect to the physical significance, r and s should be restricted to 
positive values [22,33], so the safety state shown in (2.1) may be alternatively 
established in the form (22,26]: 
Inr - Ins > 0 (acceptable, safe) 
Inr - Ins = 0 (critical) (2.2) 
Inr - Ins < 0 (unacceptable, unsafe) 
where, Inr and Ins are normally regarded as two uncorrelated random variables. 
In r R 
/ 13 
7 (Sd, Rd) 
safe reLon I 
unsafe region 
In s 
(b) 
Figure 2.1: Reliability states of structures 
S 
The reliability states classified by (2.2) can be shown in Figure 2.1(a) or 
(b). In Figure 2.1(b), classification (2.2) is expressed in terms of the normalized 
transformation 
(Ins - (2.3) 
(Inr - tti., )Iul., 
whereý 14ns and yj, are the mean values of Ins and Inr, respectively; 
and are the standard deviations of Ins and Inr, respectively. 
According to classification (2.2), the probability of failure of a structure, Pc, 
can be obtained as [22]: 
P, = Ptlnr - Ins < 01 
(2.4) 
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or, equivalently, 
PC Pf 
(Inr - Ins) - (Itin, - pl,,, ) <- 
Plnr - PIns (2-5) VafuT 
+ afus 
ýU-Iln 
I 
-+gins 
where, PI... I represents the probability of occurrence of events ". - . ". 
From their study, Ang and Cornell [26] pointed out that the calculated prob- 
ability P, is not very sensitive to the type of the distribution for s and r unless a 
very low value, e. g :ý 10', is required for P, and, for practical application, they 
suggested that a log-normal distribution may be assumed to s and r. Therefore, 
regarding Inr and Ins as uncorrelated random variables, the probability P, can 
be obtained from equation (2.5) as 
X2 
Pc exp 2 
)dx (2.6) 
where 
lilnr - Pins (2.7) 
n+2 r Ubns 
It is seen here that the probability of a structure failing to resist the load 
effect is governed by the parameter 0. This parameter is called the safety index 
[22-26] which governs P,, as shown in (2.6). Normally, the safety criteria for 
modern structural designs are established by prescribing such an index [31-34]. 
It is shown in Reference [33] that an acceptable safety index is 3.8, which, 
according to equation (2.6), leads to P, = 7.2 x 10-5. 
Therefore, to reach the safety level specified by a given safety index, the 
following condition should be satisfied by design work: 
/-tlnr - Plns 
V (7inr + (7ins 
(2.8) 
According to the research by Hasofer and Lind [25], in geometry, the safety 
index # can be measured as the length of line OD marked in Figure 2.1(b) (i. e. 
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the distance from the origin 0 to the safe region boudary). Therefore, the point D 
has been traditionally taken as the design point, from which the design resistance 
rcl and design load effect Sd can then be determined [22,31-34]. 
In Figure 2.1 (b), the coordinates of point D can be found as 
Sd Cvs ý 
(2.9) 
Rd -OrO 
where 
F2 - 
n. S 
+U 12 as --: ý glns/ (71 nT 
-- (2.10) 
ýFo. 
2 
nr a .5+ Ull (71nT ns 
+ U12 r1 nr 
Therefore, according to equations (2.3) and (2.9), the design values of struc- 
tural resistances, rd, and load effects, Sd, are obtained as [22,31-34] 
Sd - 6XP([Llns + asOgIns) (2.11) 
rd - exp(pi., - aoul,,, ) (2.12) 
Equations (2.11) and (2.12) show that the target safety margin would even- 
tually be distributed between the resistance and the load effect, and such a dis- 
tribution would exclusively depend on a, and ar- In the literature [22,31-34], a, 
and a, are called the sensitivity factors on the load side and the resistance side, 
respectively. According to the recommendation given in [34], on the resistance 
side, the sensitivity factor can be taken as a, = 0.8, which would leads to a, = 0.6 
since equation (2.10) implies 
2+a2 
rs 
In [33], corresponding to a, = 0.8, a, was taken as 0.7. 
Assuming that a, = 0.8 and that r follows a log-normal distribution 
[26,32,33], 
the design resistance in (2.12) can further be given as 
rd --i; exp(-kdUInr- 0.5u, 2,, ) (2.14) 
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where, r is the mean. value of r and kd is the design fractile factor, given by 
kd = 0.80 
15 
(2.15) 
Noting Pjr < rdl = PjInr < Inrdl, it can be shown from the assumption of r 
following a log-normal distribution that the probability of the structure resistance 
failing to reach or exceed a specified value rd given in (2.14) is 
kd 2 
Pf exp(- 
x )dx (2.16) = 72= =7r 
1--oo 
2 
Thus, Pf, named the failure probability in this study, can be determined for 
a given kd; taking kd= 0.8 x 3.83.04, (2.16) gives that Pf = 0.12%. 
Obviously, for any specified fractile factor k other than kd, equations (2.14) 
and (2.16) can be used to determine the corresponding resistance and failure 
probability, as long as kd is replaced by k. 
2.2 Design resistances of composite structures 
at given safety levels 
According to the concepts of second-moment reliability introduced above, to ob- 
tain a design resistance rd for a composite structural member, several factors, 
including the type of distribution of the resistances, the mean value and stan- 
dard deviation of the resistance, etc. need to be considered. Therefore, a detailed 
study is needed, to determine the design resistances for composite structures. 
2.2.1 Definitions and basic assumptions in the analysis 
To determine a resistance for a composite structural member, a theoretical model 
will be developed, which would usually lead to the resistance to be expressed as 
a function of structural properties: 
rt 9R(X) (2.17) 
where, rt denotes the prediction of the structural resistance from the theoretical 
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model, and 
X= (Xlý X2ý 
*-ý XJ) (2.18) 
are the design parameters used in determining rt, which usually include geometric 
dimensions of the structural members and the basic material properties. These 
parameters are regarded as the basic variables in a reliability analysis [33,34]. 
Considering X to be the random variables, the theoretical resistance rt would be 
a function of random variables and, therefore, is a random variable as well. 
In this study, structural members are classified as belonging to the same 
population if their all basic variables X are statistically the same. i. e. the mean 
value, the standard deviation, the type of distribution, etc. are all the same. 
In practice, when a satisfactory quality control is achieved, the values of the 
basic variables achieved after construction should appear to deviate just around 
their intended value by design; therefore, the intended values of the basic variables 
may be regarded as their mean values. According to previous research [31], it can 
be regarded that the distribution type and the standard deviation or coefficient 
of variation of the basic variables are invariant in relation to their mean values, 
provided that the same procedure controlling the fabrication quality is followed. 
Thus, all structural members under the same design can normally be considered 
to be in the same population. 
A sample from a population is defined here as a set of structural members 
from the population. 
It is realized that practical situations could be more complicated than those 
in laboratories. However, as a normal case, the actual resistances in a structural 
member can only be measured by means of laboratory tests. 
Therefore, the 
following assumption has to be made 
(1) the test results are the measurement of the real resistances r or, in statistical 
term, are observations of the random variable r. 
Regarding this assumption, it would be ideal that, under the same design, a 
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large number of specimens can be made for testing the resistances. Unfortunately., 
the cost of experimental work (say tests on the ultimate bending resistances of 
composite beams) rarely allows replication of the tests unless the scale of the 
tests is small (say tests on strength of steel bolts or welded stud connectors 
[35,36]). A sample, as defined above, taken in tests often consists of quite limited 
number of specimens (sometimes only one specimen in bending resistance tests) 
based on which no statistical inference can be reasonably made for the population 
represented. 
As a result, when considering the test data for structural members within 
one population only, it is in many cases not feasible to analyse the reliability of 
the resistance for that population. However, if a group of the test specimens is 
appropriately chosen, for the populations represented by such a group, the ratio 
r/rt 
may still be treated as a random variable, which may enable the reliability of 
resistances designed for these populations to be deduced. 
In physical sense, it is reasonable to consider that the classification of the test 
specimens for this study should be related to the structural behaviours of the 
specimens. 
If, based on the well recognized theories (say accepted by the design codes), it 
is shown that the resistances of a group of specimens from different populations 
should be predicted by the same resistance function, then it may be considered 
that all the populations of the structural members represented by this group 
perform in a similar way, say the same failure mode and same behaviour during 
functioning. 
Therefore, a group of n test specimens are in this study defined as a set 
that has the same resistance function; but may represent up to n populations 
of structural members of different dimensions and material properties. Thus, 
the reliability investigation for the structural resistances of all the populations 
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represented by such a group may be made, if it is assumed that 
for all populations represented in a group of test specimens, the (unknown) 
random variables r/rt all have the same probability distribution, which can 
be estimated from the results from the group, taking the sample size not 
as one but as n. 
Based on this assumption, the statistical properties of r/rt for a population in 
a particular group can be estimated from the observations of this variable. Ideally, 
the observations of r/rt should be made such that, apart from r being measured, 
the theoretical resistance rt is calculated from equation (2.17) using measured 
values of all the basic variables. However, it is quite usual that measured values 
of geometric dimensions are not reported for experimental works, so it has to be 
assumed that 
(3) in calculating rt to obtain observations of r/rt, the measured values of the 
basic variables are used; when the measured geometric properties of a test 
specimen are unavailable and the variation of these properties are known to 
be small, the intended values of these variables may be used as the measured 
values. 
The validity of this assumption will be further discussed in Section 3.1.3. 
It can be imagined that the variation of ratio r/rt should mainly depend on 
the theoretical model adopted, rather than rt itself obtained from the model, e. g. 
if the most perfect model were developed, r/rt would be 1.0 always, irrespective 
of rt varying from case to case. So, to simply the analysis, it is assumed here that 
the random variables r/rt and rt are mutually independent. 
According to the analysis in the last section, for a structural resistance, it is 
assumed in this study that 
(5) the structural resistance follows a log-normal distribution. 
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Moreover, the following common assumption [22,26,33] will also be used in 
this study: 
(6) there is negligible correlation between the basic variables of the resistance 
function. 
2.2.2 Determination of design resistance in general cases 
According to assumption (1) given above, the measured resistance from tests may 
be regarded as the resistance actually occurred, therefore, for all the populations 
of structural members represented by a group of n test specimens, the correlation 
coefficient p between the real structural resistance and the resistance predicted 
from a theoretical model (2.17) can first of all be estimated [33,37], such that 
nnnnnnn 
(n 1: ri rti - 1: ri 1: rti) [n 1: r, ' I- (1: rei)2] [n 1: rt2. - 
(E rti)2] (2.20) el ti 
where, rej and rti are the experimental and theoretical values of the resistance in 
specimen i, (i =1ý... , n), respectively. 
According to assumption (3) above, rti should in principle be calculated from 
the measured values of basic variables, but the mean value of a geometric dimen- 
sion may replace its measured value, if the measurement for this dimension is not 
made. 
In general, an acceptable resistance model can be expected to lead to the 
predicted resistance rt and the real resistance r being well correlated, so, normally, 
a comprehensive reliability analysis for a resistance model would only be valid if 
the p estimated appears sufficiently high. 
Following the instruction given in [33], the correlation between r and rt can 
be regarded as sufficiently high if p>0.9. 
In order to make reliability analysis for a structural resistance, a new random 
variable 6, related to b defined in (2.19), for a structural member population is 
2.2 Design resistances of composite structures at given safety levels 20 
introduced as follows, 
b r/rt 
b (2.21) 
where b is the mean value of b(= r/rt). Obviously, the mean of 6) 61 is 1.0. 
Using equations (2.17) and (2.21), the real resistances r can be expressed as 
r= V9R(X1 ý'-ý Xj) (2.22) 
Taking the first-order approximation (371 and noticing 6=1.0, the mean of r 
can be found as 
bgR(Xl)' XJ) (2.23) 
where, X, Xj are the mean values of basic variables X1, Xj, respectively. 
With respect to assumption (4) made above, the coefficient of variation of r 
is obtained as 
ýV2 
+ V2 
rt (2.24) 
where, V,, V6 and Vr, are the coefficients of variation of r, 6 and rt, respectively. 
Equation (2.23) shows that the mean values of r and rt are related to each 
other through the parameter b, so b can be called mean correction of the the- 
oretical resistance [33]. It follows from the definition of 6 (see equation (2.21)) 
that the parameter V8 characterizes the extent to which r differs from rt, so V8 is 
called the coefficient of variation of error terms for the theoretical resistance [33]. 
With respect to assumptions (1) and (2), for a population of structural mem- 
bers among those represented by a group of test specimens, the estimators of 
b 
and V6 can be made from the test results of such a group of specimens, i. e. 
1, ri (2.25) 
rti 
In rei)2 (2.26) V6 1: [ý(- 
n-I i=l 
b2 rti 
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As indicated above, rti (i = 1ý ---, n) is in principle obtained from measured 
values of the basic variables, so it can be regarded that rti (i = 1, ---, n) itself 
is free of the uncertainties. Thus b and VS found in this way would particularly 
reflect the difference and relative variation between the real resistance and the 
theoretical model. 
Equation (2.24) shows the variation of the resistance is also affected by Vrt I 
which, as implied by (2.17), depends on the uncertainties in the basic variables. 
Taking the first-order approximation [37], Vrt is obtained as follows, 
ag J-1 i 199R a-qR I: V2iXi2( R)2+2E E Vxj-kjVxjXjpxjxj(ý-X Vrt x 
iDXj) 
lx=. x 
-qR(X) axi axi 
(2.27) 
where X or Xi and Xj (i 13 1 J) are mean values of the 
basic variables; 
Vx, and Vxj (z, J) are the coefficients of variation of the basic 
variables, 
pxix i 
is the correlation coefficient of Xi and Xj (i, J=III J). 
Applying assumption (6) made above, it yields that pxixj =0 (z, j=II. I. ý 
so equation (2.27) can be simplified to 
i- agR 
1: [V2iX2(-)21 
x Vrt = 
9R(-X) 
ý 
i=l i axi xi i 
(2.28) 
When V, and V6 are determined, the coefficient of variation for the real re- 
sistance r, V,, can be obtained from (2.24). Thus, 
for the assumed log-normal 
distribution of r (assumption (5) given above), it yields 
[37]: 
ýJ-n(j+ V2) V 
r7 Orlnr =-r 
(2.29) 
The approximation is valid when Vr is small 
(say < 0.4). 
Hence, for each population of structural members in the group considered, 
the mean resistance, f, can be found from 
(2.23) and (2-25), and a,.. from (2.24). 
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(2-26), (2.28) and (2.29), so equation (2.14) can be used to determine the design 
resistance according to a given design fractile-factor kd. 
Assuming that V, < 0.4 is the normal situation and specifying the basic 
variables involved in the resistance function (2.17) as geometric variables, X., 
and basic material properties, XP, then according to equation (2.24) and (2.29), 
rd can be found as 
kd + V82kdV 
_ 0.5V2) rd ----2 
bgR(Xpl & 
, 
)e, xp( rt 
v2 (2.30) 
r 
where, X and X represent the mean value of X and X respectively. P ý___P =_ý_g I 
It is mentioned in Section 2.1 that the target reliability level may be estab- 
lished as ý=3.8 (0 is the safety index) and kd :=0.8 x 3.8 = 3.04 [33,34], which, 
from equation (2.16), leads to the probability of r< rd, Pf, being 0.12%. Accord- 
ing to the research reported in [33], the value of kcj --= 3.04, may be directly used 
in equation (2.14) if a large number'of test results is available and variations of 
the basic variables, Vx,, ---, Vx,, are well know. 
In many cases, however, the number of specimens in a group under considera- 
tion is limited, which, therefore, requires more prudence for using the estimators 
of L and V8 in equation (2.14) or (2.30). So, in determining the design resistances, 
the design fractile-factor kd should be related to the number of test specimens in 
the group (group size), rather than taken as 3.04 always. 
Equation (2.30) suggests that the design fractile-factor may be applied to 
Vrt and V6 separately. Accordingly, as suggested in Reference 
[33], when the 
acceptable values of Vxj, ---, Vx, are used and the safety level 
is given as A= 
0.12%, the fractile factor kd associated with Vrt is taken as 3.04; but for V6 the 
value of kd leading to Pf = 0.12% should be determined 
based on the group size 
and a confidence level of 0.75 (see Appendix 
A). 
Hence, the design resistance rd can normally be determined as 
ab2 rd -bgR(Xp, Xg)exp(-kcll7lnr - 0.5 nr) 
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where 
kd 
:: 7-- 
2 V2 3.04V,, + kb 6 
(2.32) V2 
r 
In equation (2.32), kb is a factor corresponding to 0.12% fractile at a confi- 
dence level of 0.75, which is determined from the group size n and a non-central 
t-distribution ignoring the randomness of the basic variables, as shown in Ap- 
pendix A and Table A. 1 there. 
2.2.3 Partial safety factors for design resistances of com- 
0 
posi es ructures 
Equation (2.30) provides designers with design values of structural resistances, 
which enables designs to achieve the prescribed safety margin on the resistance 
side. For prediction of structural resistance in design, the theoretical functions 
shown in (2.17) are normally used with nominal values of the mean or charac- 
teristic values of the basic variables. In order to make the resistance designed 
in such a way match the values given by equation (2.30), a set of safety factors 
should also be applied in the resistance function. 
As indicated in Chapter 1, in designing resistances for composite structures, 
distinct partial safety factors are required for the different material strengths [1]. 
Quite commonly, the material strengths involved in a resistance function 
(2.17) 
for composite structures may include yield strength of structural steel, 
fy, yield 
strength of reinforcement, f, compressive strength of concrete, 
f, and, if any, the 
strength of shear connection, PR. Therefore, calibration of the safety 
factors to 
these strengths would be of special interest. 
It is noted here that strength of shear connection PRis normally represented 
by the resistance of a shear connector which should be regarded as a 
function of 
several variables, such as compressive strength of concrete, 
dimensions of studs., 
etc. [1], and, therefore, is not a basic variable as considered 
in this study. 
However, according to the design code of composite structures 
[1], the design 
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format of a resistance function which contains fy, f, fc and PR, may be presented 
as 
rd 7-- 9R ( 
fyk 
'7a 
fck fsk PRk 
'Yc 'Ys 7v 
Xpo 
I =xýg) (2.33) 
where, 
fyk, fck, fsk and PRk are the characteristic values of fy, f, f, and PR, 
respectively; 
^ýa) ^fcý ^ýsý ýv are the safety factors applied to fy, f, f, and PR, respec- 
tively. 
XPO are the mean values (nominal values) of the other marteial prop- 
erties 2Cpoý say density or Young's modulus, which may be involved in 
the resistance function; 
X represents the mean values (nominal values) of the geometric di- 
mensions; 
Normally, for a material strength f, its characteristic value fk for design is 
related to a specifying the probability Pf f< fkj. According to the reported 
calibration for Netherlands building codes [31] and statistical analysis for the 
strength of a single shear connector [33,35,36], the strength fy, as well as f,, f, 
and PR, can be assumed to follow a log-normal distribution. Therefore, 
fyk can 
be obtained as 
2) fyk = fycxp(-k,, ahfy - 0.5ahfy 
(2.34) 
where, 
k,,,, is the fractile-factor corresponding to probability pf 
fy< fykj; 
fy represents the mean value of 
fy 
uL, j, is found from the coefficient of variation of 
fy, Vf,, such that 
V2) (2.35) rln(I + ry 17hify y 
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Similarly, fcký fsk and PRk can be given as 
fck ": fcexp(-k,., ulnf, - 0.5 
2 
crf. fc (2-36) 
fsk : -- fsC-XP(-kssOliliG - 0.50, L, ) (2.37) 
PRk'-- PRCXP(-k,, C'InPR-O. 5U2 (2-38) IrlPR) 
where 
+ V2 ý71nf, VTn (2.39) 
V2) O'Inf$ jln(I + fý (2.40) 
V2 (I+ 
pR) ainpp VFln T (2.41) 
In view of the analysis presented in Section 2.2.2, it can be concluded that, 
as indicated in Section 1.1, a design resistance rd associated with a specified 
reliability level (a given failure probability Pf) depends on 
(1) uncertainties in the theoretical model - the difference and relative variation 
between the real resistance and the the theoretical model, as reflected by 6 
an d VS; 
(2) uncertainties in the properties of materials used in structural members, as 
considered in V,,; 
uncertainties in the geometric dimensions related to the structural resis- 
tance, which is also considered in V,,. 
As considered in Eurocode 2, etc. [8,32,33], the safety factors in a design 
formula for a resistance can be decomposed with respect to the different types 
of uncertainty. Since, in design of composite structures, the safety factors are 
applied to the material strengths, it is considered here that, in equation (2.33), 
each factor may be regarded as a product 
^fm ^Jmp'ýmd (2.42) 
4 
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where, 
^/MP is a factor that represents uncertainties of strength in the relevant 
material, called material factor; 
7ind is a factor that represents uncertainties in the theoretical model and 
the geometric dimensions, called model factor. 
Thus, it is obtained from (2.42) that 
lfa : --: 'fmaýfmda '-tc :: -- 1(mc7mdc 7s 7msYmds 7v : ýý 'Ymv7mdv (2.43) 
wherei ýtmaý 'Ymc) -/,,, and denote the material factors and7mdai ^tmdci ^/mds 
and7imdv the model factors. 
Since the model factors are introduced here to associate with the uncertainties 
in the model and the geometric dimensions only, they can be regarded material- 
independent and, therefore, are taken as a single value, ^ýmd in this study. So, the 
safety factors presented in (2.43) become 
'7a - 7ma^/md ^1c ^/mcYrad ^/s - ^/ms"Ymd 'Yv ý ^/mv'Ymd 
(2.44) 
If applying the material factors only, the material strengths in (2-33) can be 
first of all altered as 
fy'd 
- 
fyk 
7ma 
fc, d = 
fck 
7mc 
fs, 
cl - 
fsk 
Ims 
PR, d ý-- 
PRk 
"YMV 
(2.45) 
Such values, fy, d, etc. given by (2.45) are called 7,,, p-altered strengths 
here. 
Obviously, like the characteristic values of the material strengths, for any 
specified material factors, the -y,,,, p-altered strengths, 
fy, d, etc. can be related 
to probabilities Pffy < fy, dj, etc., respectively. 
Furthermore, as the mate- 
rial strengths are assumed to follow log-normal 
distributions, the 7, "'p-altered 
strengths in (2.45), like the characteristic strengths 
in (2-34) and ((2.36) to (2.38), 
can be specified in terms of 
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fy, d 
fy 
exp 
( 
-kadUlrLfy 
fc, d 
fyexp(-kcd(7, 
rLf, 
fs, d fýexp(-ksd(Tlnf, 
PR, d -PRexp(-kvdUln 
2) 
Infy 
(2.46) 
- 0-5ULJ 
0.5a12 
1 npR 
PR -j 
where) kad is a fractile factor corresponding to the probability Pffy < fy, dj; 
similar explanations apply to kcdý ksdand kvd- 
According to equations (2.45) and (2.46), the material factors can be expressed 
as 
7ma fyexp(-kadCvtafy 0.5 ' )/fyk 
,, /mc fcexp(-kccicrlif, 0.5uL, )/fk 
(2.47) 
2 
Jýns fCXP(-kdO'Inf, 0-56inL)/fsk 
PRexp(-kvd9laPpL -0-56 
2 
7mv InPIL)/fRk 
or, applying (2.34) and (2-36) to (2.38), 
-ýma exp[(kad - 
k. 
s)l7hfj 
7mc exp[(kcd- kc, ) orl,, f, (2.48) 
ITMS exp[(ksd - 
kss) 07hif, I 
exp[(kvd - 
kvs)07hl]PRI 
Normally [33,35,36], for the characteristic (nominal) value of the yield strength 
of steel, fyk, the fractile-factor k., is taken as 2.0, which corresponds to the 
probability Pffy < 
fykj 
= 2.3%, while 
fck and fsk are related to 5% fractiles 
and, therefore, kcs = kss = 1,64. 
From equation (2.48), it is seen that the material factor for shear connectors, 
is not only related to the parameters kvd and kvsý but also the coefficient 
of variation of its shear resistance, Vp,,, which, as shown in 
Reference [33,35,361, 
depends on many factors, such as the type of connectors, the mode of failure, the 
resistance function adopted, etc. Because of the complicity, this study 
does not 
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intend to determine ^ým, from (2.48) for general cases. 
In composite structures, the most popular shear connectors are the welded 
headed studs. So, in this study, only this type of shear connectors are considered. 
For the welded stud shear connectors, an extensive statistical study of the 
results of push tests, as well as the safety calibration of the strength formulated 
in Eurocode 4 [1], has been made [33,35,36]. These works, similar to investigat- 
ing strength of a material itself, were carried out irrespective of any particular 
behaviour of the structural members where the shear connectors are used. From 
such an investigation, Eurocode 4 [1] takes the safety factor for strength of the 
welded stud shear connectors as 7, - 1.25, which should be applied to the char- 
acteristic strength as specified in the code [1]. As presented in (2.42), the model 
factor7md should be introduced in relation to the behaviours of particular struc- 
tural members (e. g ultimate plastic bending of composite beams and so on). Since 
the adoption of -ýv = 1.25 for PRk specified in [11 is made on the base independent 
of the structural resistances related, the value 1.25 may be assumed as the safety 
factor that does not include ymci (see (2.42) or (2.44)). 
Therefore, as discussed in [59], if the strength of the welded stud shear connec- 
tors, PR, and the characteristic value, PRk, are given in consistency with Eurocode 
4 [1], then, for a particular structural resistance (say bending resistance of a com- 
posite beam), this study considers that the safety 
factor 7, defined in (2.44) can 
be determined by finding out the model factor 7md and taking 
7mv = 1.25 
(2.49) 
As presented above, for the material factors ^jma) and ymý. given 
in (2.48), 
kas has been taken as 2.0, and k,,, and k., as 1.61. In order to 
determine '7ma i 7mc 
and -Xm,, the fractile-factors, 
kad) kcd and kscl, are further assulned to have the 
same value 
kind) which means that the probabilities 
Pffy < fy, dj, etc. are the 
same. From (2.44) and (2.48), it is then obtained 
7a 
= exp[(kind- 2.00)ul,, f, - 
(kmd 
-1.64) ul,, f, (2.50) 
, ^YC 
2.2 Design resistances of composite structures at given safety levels 29 
In Eurocode 4, besides -y, = 1.25, -y,,, -y, and -ý,, have been given as 1.10,1.50 
and 1.15, respectively. These values except for -ýc = 1.50 are to be taken as the 
objectives of calibration in this study. 
As explained in [40,58], for the reliability analysis based on laboratory tests 
(assumption (1) in Section 2.2.1), the code value 7c should be regarded as 1.25, 
rather than 1.50, and the reasons can be presented below. 
In the code [1], the factor 7c (= 1.50) "includes about 1.1 for errors in di- 
mensions of cross- sections, particularly in the positions of reinforcing bars, and 
another 1.1 for variations in the strength of concrete as placed, in excess of those 
found from laboratory-made test specimens" [401. Generally, these variations are 
not relevant to laboratory tests where specimens are carefully fabricated. There- 
fore, -yc should be 1.25 1.5/1.1'). 
Hence, taking the ratio of -y,, to -y, just as 1.10/1.25, equation (2.50) turns to 
be 
1.10 
= eXP[(kmd- 2.0) al,, f, - 
(kmd 
-1.64) alf, 1.25 
Using the coefficients of variation of the design parameters given in the rele- 
vant, Refermces, [31,33,35,361 (see Table B. 1 in Appendix B), it can be calculated 
that 
ul, 1, = 0.0 8 ukf, = 0.149 UIt = 0.100 
(2.52) 
So, from (2.51) and (2.52), it yields that k,,, d = 3.07. This value is quite close 
to the design fratctile-factor kd = 3.04 for resistance, as given in equation (2.32), 
when a large number of test results are available. Under the condition Of 
kas = 
2.00 and k,, = kss = 1.64, if it is directly taken that 
kýnd= 3.04 (2.53) 
it can be obtained from equation (2.48) that 
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'Tma =exp(l . 04ul f, 
) 
ýymc = exp(l. 40alf, ) (2.54) 
-ynis = exp(l. 40oj,, L) 
Substituting (2.52) into (2.54), it yields 
ýfma == 1.087 -ym, = 1.234 -ý. = 1.150 (2.55) 
These values are all close to the relevant safety factors proposed in the code 
[1]. So, if regarding k,,, d= 3.04, it appears that the code values of and -ýs 
have ratios to one another that are fairly consistent with the assumed coefficients 
of variation (Table B. 1 in Appendix B). Furthermore, according to (2.44), if 
equation (2.55), as well as (2.49), is used, the reliability underlining the design 
formula in the code [1] (where -ýa = 1.10, -y, = 1.25, ^ý, = 1.15 and -yv = 1.25) 
can be assessed simply by comparing the calibrated 7mdwith the value 1.012 
(= 1.10/1.087 e-d 1.25/1.234). 
Therefore, equation (2.54) is chosen in this study to determine the material 
factorsý ^ýmai -ym, and -ým,,. 
Once the material factors are determined, the only unknown for safety factors 
remains the model factor '7md- 
Substituting equation (2.44) into (2.33) and replacing 
Xp in (2.31) with fy, 
PR and elimination of rd from equations 
(2.33) and (2.31) would give 
that 
gR[fyk/('ýma^ýmd)i fck/(^/mc'ýmd)ý 
fsk/('Yrm^ýmd)ý PRk/(^fmv^ýmd)) Xpoý 
-X-91 
= 
b9R (fy, f L, PR, ip, V )exp(-kd071nr - 0.50r2 ) Inr (2.56) 
Applying (2.49) and (2-54)1 the model factor '7ind can then be 
found from 
equation (2.56). When 'ýnid is known, the safety 
factors, ^ýa, -ý,, ^ý, and -ý,, can be 
determined from (2.49), (2.54) and (2.44). 
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2.3 Failure probability corresponding to given 
safety factors 
Equation (2-16) shows that a fractile-factor for the design resistance can be de- 
termined with respect to a specified failure probability Pf, and vice versa. As 
discussed in Section 2.2.2, the design fractile-factor directly determined from 
(2.16) (which is taken as 3.04 above), denoted by kd,,, hereafter, may only be 
directly applied in equation (2.31), if a large number of test results is available 
and the acceptable values of coefficients of variation for the basic variables are 
used; otherwise, the design fractile-factor should be determined from equation 
(2-32). 
In general, it should be considered that the failure probability Pf for the 
design resistance may have other values, rather than Pf = 0.12% only. According 
to the analysis in Section 2.2.2, for any target safety level with a specified Pf, the 
design fratile-factor kd should be determined based on the concepts suggested in 
equation (2.32), i. e. 
kd = 
V2 kd, 
oo rt + 
kb V62 
(2.57) 
V2 
r 
where, 
the factor kd, oo is the fractile-factor of 
the standard normal distribution, 
determined from the given Pf using equation (2.16); 
kb is the fractile-factor of a non-central t-distribution, determined by 
the group size n (number of test specimens in the group) and the same 
Pf at a confidence level of c (c is taken as 0.75 
in this study [33]), as 
shown in Appendix A. 
Therefore, the design fractile-factor kdcan be generally regarded as a function 
of the group size n, the failure probability 
Pf and the confidence level c imposed 
on Pf. This function may generally be 
denoted as 
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kd= kd(n, Pf, c) (2.58) 
Taking advantage of equations (2.57) or (2.58), an inverse problem in relia- 
bilitY analysis for structural resistance may then be investigated, i. e. to assess 
the safety levels underlying the design formulae of structural resistances based 
on given safety factors. 
In design of composite structural members, for a design formula of resistance 
related to yield strength of structural steel, compression strength of concrete, 
yield strength of reinforcement and strength of the welded stud shear connectors, 
the code values of the safety factors [1], as discussed above, are in this study 
regarded as 
-Yý, -- 1.10 -t, = 1.2 5 ^/r, = 1.15 7, = 1.25 (2.59) 
Therefore, for resistances of composite structures designed by a formula in 
form of (2.33), if 
VS and 6 can be estimated from tests results of a group of n specimens; 
* V, has been obtained; 
then, using equation (2.56), the design fractile-factor kd can be inversely found 
from such known safety factors as given in (2.59). Subsequently, with respect to 
a specified confidence level c, say c=0.75 here, the failure probability Pf can 
be found from equation (2.57) or (2.58). Thus, based on the calculated failure 
probability Pf, one can judge the reliability underlying a design formula, 
denoted 
by (2.33), with the proposed safety factors. 
Since, as shown above, equation (2.57) or (2.58) is usually linked with both the 
standard normal distribution and a non-central t-distribution, these equations are 
strongly nonlinear in relation to the probability Pf, so some numerical techniques 
are needed for solving Pf, which will be presented in the next chapter. 
2.4 Summary of the reliability theory 33 
2.4 Summary of the reliability theory 
A general theory is developed in this chapter to analyse the reliability in de- 
sign resistances of composite structural members. This analysis is related to the 
relevant experimental results for the structural resistances. 
For a structural resistance r, it is considered that the populations of the 
structural members represented by the relevant test specimens can be classified 
into one group, if the theoretical predictions of r, rt, for these specimens are given 
by the same resistance funtion. Within the same group, the random variable r/rt 
for all the populations is assumed to follow the same probability distribution. 
Therefore, applying the basic assumptions made in Section 2.2.1 to a test 
group, the correction parameter from test results, L and Vs, can be obtained from 
equations (2.25) and (2.26), while the correlation coefficient between r and rt, p, 
is found from (2.20). 
The theoretical model is regarded to be sufficiently correlated to the realilty 
if p appears not smaller than 0.9. 
Knowing L and V8, further reliability analysis of the resistance can be carried 
out for the structural member populations covered by the test group. For a 
population considered, equation (2.28) is developed to calculate the coefficient of 
variation of rt, V, while (2.24) and (2.29) to V, (total coefficient of variation of 
r) and respectively. As a result, the design value of the resistance, rd, 
for 
such a population of structural members can then be determined 
from equation 
(2.31), where, correponding to the specified safety target 
[33] (i. e. the failure 
probability, Pf = P(r < rd), is set as 0.0012), the 
design fractile-factor kd is 
given by equation (2.32). 
To calibrate the partial safety factors for the resistance 
in design, the design 
resistancerd from equation (2.31) should be used, and a safety 
factor applied to 
a material strength can be splitted into two components: a material 
factor and 
a model factor, as shown in equation (2.42). 
The design situations where fy, f,, f, and PRmay be involved are particularly 
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studied. In the study, the shear connectors are considered as the welded stud 
connectors. 
For fy, f, f, and PR, the partial safety safety factors in design, 7, -j" 
and -y,, are considered to applied to the characteristic values, fyki fck) fsk and 
PRk, respectively. For PR, the value Of PRk will be determined in Section 3.2-2, 
while the material factor -/nv has been assinged 1.25 (equation (2.49). For fy, 
fc and f, their characteristic values are given in equations (2.34), (2.36) and 
(2.37), respectively, while the material factors, 1/mai 7mc and -ymr,, in (2-54). In 
the current stage, the fractile-factors for fck and fsk are taken as k,., = kss = 1.64) 
and forfyk, kas= 2.00. 
Accordingly, the model factor 7md can be found from equation (2.56), and, 
in turn, equation (2.44) is used to determine the partial safety factors, 7a ý I/c i IN 
and -ý,, for the population of structural member under consideration. 
The values of -y,,, -y,, -ý., and 7v adopted in Eurocode 4 [1] are regarded by the 
analysis as those shown in equation (2.59). 
According to the theory developed in this chapter, the failure probability 
Pf underlying a design model with given partial safety factors for a resistance 
can be inversely found out. To do so, a nonlinear equation as denoted by (2.58) 
needs to be solved, which, as shown in Appendix A, is related to a non-central 
t-distribution and the standard normal distribution. Section 3.3 will present a 
numerical technique (iteration) to solve this problem. 
Chapter 3 
Investigation of reliability in 
design bending resistances of 
0 
composite beams 
A reliability theory for resistances in composite structures has been presented in 
the last chapter. The main purpose of developing such a theory in this study, as 
implied in Section 1.1, is to calibrate the partial safety factors for design resistance 
of composite beams in bending within the scope of Eurocode 4 [1]. 
The bending resistances of composite beams may be considerably affected 
by buckling of the steel beams, which would prevent development of the plastic 
moment resistances in the beams. The buckling behaviour of beams is not con- 
sidered in the current reliability analysis for composite beams in bending. So this 
study is to check the safety in design of the ultimate plastic bending resistances 
for beams with compact sections, i. e. beams in class I or 2 [1]. 
It should be also noted here that the beams to be analysed are those with 
uncased steel beams (so the compsite cross-section can be typically shown in 
Figure 3.1, etc. ), and, in theory, the study allows the shapes of the steel sections 
to be symmetric or asymmetric (i. e. the top flange and the bottom flange may not 
have the same dimensions). Furthermore, the effect of reinforcement or profiled 
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sheeting on the sagging bending is ignored in the following studies, and the theory 
developed is considered to be applicable to the beams with either normal weight 
concrete or light-weight concrete. 
This chapter presents the particular principles and techniques for analysis of 
the beams. The calibration results and the relevant discussions are given in the 
next chapter. 
3.1 Applications of test results in analysis 
Selection of test results 
According to the theory in Section 2.2, the determination of design bending 
resistances for composite beams should be related to the test corrections, b and 
V8, and these parameters should be estimated, as shown by equations (2.25) and 
(2.26), from experimental results that give the resistances concerned. 
There is an extensive literature of experimental research on composite beams, 
but few of these researches were directly related to the problem of plastic bending 
resistance. This may be because plastic bending of the beams has been regarded 
as a solved problem for several decades. Based on a wide search, a limited 
number of test results was found to be sufficiently reliable and suitable for this 
safety calibration. The reported test results in the following situations are not 
used in this study: 
(1) the failures were not mainly caused by plastic bending or, for beams with 
partial shear connection, by shearing of shear connection, but were sig- 
nificantly affected by other factors, such as buckling, high vertical shear, 
longitudinal splitting, etc. (in these cases, the experimental results would 
considerably differ from the ultimate plastic bending resistances); 
the measured values of fy, f, and fý are not all available, (as implied by 
basic assumption (3) in Section 2.2.1, it is important to know the measured 
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material strengths in a test specimen when these material strengths are 
used as the basic variables in the resistance functions); 
(3) abnormal conditions occurred in the specimens (e. g, concrete was not cured 
properly); 
(4) the design of the test specimens violated the detailing rules of Eurocode 4 
[1] (as indicated above, this calibration is to be made particularly for the 
designs following Eurocode 4 in all aspects); 
(5) for beams with partial shear connections, the shear connectors are not 
headed welded stud connectors (as considered in Section 2.2.3, only the 
shear connection of headed welded studs are analyzed in this study); 
(6) the reported data were incomplete or suspect, e. g. the measured resistance 
appeared exceptionally low (say less than 90% of the predicted value), and 
no information about failure mode was given. 
For composite beams with full shear connection, the test results of sagging 
bending resistance are collected from [41-48], while results in hogging bending 
are from [42,44,48-50]. From the collected test ! data, it is found that plastic 
sagging bending of the specimens mostly occurred with the neutral axis within 
the concrete slabs, while hogging bending was with the neutral axis within the 
steel webs. 
According to Eurocode 4 [1], when composite beams have partial shear con- 
nection, the shear connectors should be classified as "ductile" or "non-ductile" 
depending on the degree of shear connection, as explaned later. For beams with 
partial shear connection, the test results are obtained from References [51-57], 
among which the results for beams with "ductile" partial shear connection are col- 
lected from [51-531. All these reported tests were carried out for sagging bending. 
In Eurocode 4 [1], there are no provisions for partial shear connection in hogging 
bending, so, for beams with partial shear connection, only sagging bending is 
studied here. 
3.1 Applications of test -results 
in analysis 38 
Most of the references only reported the tests done by the authors (first hand 
test data for the authors). In Reference [51], besides their own tests, the authors 
also gave a summary of 58 other tests, most of which were taken from unpublished 
reports, and these reports were rarely accessible. To make the size of test groups 
as large as possible, it is decided [59] that these secondary test data are also used 
for the reliability analysis. 
Details of the selected test specimens and the results will be given in the next 
chapter. 
3.1.2 Groups of tests 
As discussed in Section 2.2.1, a set of beam specimens that have the same resis- 
tance function may be defined as one group, which can represent all the beam 
populations represented by the beam specimens. With the available test results, 
analysis of the reliability in bending resistances may be made for the beam pop- 
ulations represented by the following four groups of specimens: 
1. Group A: sagging bending with full shear connection and the plastic neu- 
tral axis in the concrete slab. 
2. Group B: hogging bending with full shear connection and the plastic neu- 
tral axis in the steel web. 
3. Group C: sagging bending with partial shear connection, where the con- 
nectors are "ductile" (as defined by Eurocode 4 [1] and described in Section 
3.2.3) and made of headed welded studs. 
4. Group D: sagging bending with partial shear connection, where the con- 
nector are "non-ductile" (as defined in Eurocode 4 [1] and described 
in 
Section 3.2.4) and made of headed welded studs. 
According to Eurocode 4, the sagging bending resistances of beams with par- 
tial shear connection can be either predicted by the equilibrium method 
(when 
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shear connectors are "ductile"), or by linear interpolation techniques (when shear 
connectors are "ductile" or "non- ductile"), as explained in Sections 3.2.2. 
According to the equilibrium model [16,591, there are two plastic neutral axes: 
one is always in the concrete slab and the other, called the second neutral axis, 
is normally in either the top steel flange or the steel web. For different positions 
of the second neutral axis, the forms of resistance function of the beams are 
not fully consistent. However, the precise position of this neutral axis has no 
influence on the behaviour of the beam. When the interpolation concepts are 
used, the bending resistances calculated by assuming full shear connection are 
used. This also results in differences in the resistance function, however, the 
bending properties subjected to full shear connection are not directly relevant to 
the behaviour of the beams. 
Therefore, for beams with partial shear connections, the difference in resis- 
tance function is assumed not to influence the homogeneity of statistical proper- 
ties of r/rt defined in (2.19), and groups C and D are as defined above. 
3.1.3 Using of non-measured basic variables in test spec- 
imens 
In many reported beam tests, the geometric properties were not presented with 
the measured values. It is proposed in References [33,34] that, when some basic 
variables are not measured, in finding V6 from equation (2.26), rti can be cal- 
culated with the mean values or intended values of the non-measured variables, 
but, to determine the design resistance for a population of structural members 
from equation (2.31) or (2.33), V6 should be increased to VD, such that 
V2 + (n 
J' 
7 
NR 
(3-1) 
1 
)2( )2 VD 6 
(xi vxl xi xi 2(X n-2 axi 9R - i=l 
where, 
xi Y) are the unmeasured basic variables; 
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Xi and Vxj are the mean value and coefficient of variation of Xj, respec- 
tively; 
n is the group size; 
9R(X) is the first-order approximation of the theoretical resistance of 
the population (see equation (2.23)). 
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For bending resistances of composite beams represented by the groups defined 
above, as, presented in the next chapter, use of the theoretical models recom- 
mended in Eurocode 4 [1] result in high coefficients of correlation between the 
real resistance r (with the experimental observation r, j from specimen Z) and the 
theoretical resistance rt (with the calculated value rti for finding out V8, etc. ), 
i. e. p>0.96 (p is found from equation (2.20)), which suggests that the models 
chosen reflect the reality well. For specimen i, any deviation of an unmeasured ge- 
ometric dimension Xgu from the mean value Xgu would change the experimental 
observation r, i of r, rather than rti from Xg,,,. Therefore, for a theoretical model 
which is highly correlated to the reality (say p>0.90 [33]), it can be considered 
that, for a test group of n specimens, values of rsi/rti (i = 11 ... , n) based on 
measured geometric dimensions would have less scatter that those based on the 
mean dimensions (intended dimensions). 
So, for bending resistance of composite beams where the good models are 
used, V6 calculated based on basic assumption (3) (see Section 2.2.1) for a group 
of tests would actually cover more scatter than that based on all measured basic 
variables. Thus, the increase of V8 given in (3.1) is considered over- conservative 
for analysis of the bending resistances in composite beams, and is not used in 
this safety calibration. 
However, as indicated in [59]: "it is likely that the variation of geometric 
variables in the test specimens is less than it would be in pan-European practice", 
so it is considered that the variation of geometric variables should still be in all 
cases taken into account when determining V, from equation (2.28). 
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To sum up, if the measured values of the geometric properties are unknown 
for beam specimens in the groups defined above, the mean values or intended 
values will be used to calculate rti (the theoretical value of the resistance in beam 
specimen i, as defined for equations (2.20), (2.25) and (2.26)) for obtaining V6. 
This V6, rather than VD in (3.1), will be used in (2.33) etc. to make further 
reliability analyses. 
3.2 Calibration of partial safety factors for com- 
posite beams 
According the theory presented in Section 2.2, V6 and ý can be obtained from the 
test data for the beams represented by the groups defined above, therefore, the 
partial safety factors applied to the design bending resistances of the composite 
beams can also be determined, as explained below. 
3.2.1 Full shear connection (Groups A and B) 
The theoretical models of Eurocode 4 [11 for plastic bending resistance of beams 
in groups A and B are well established [61]. 
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Figure 3.1: Sagging bending of composite beams with full shear connection, plas- 
tic neutral axis in concrete slab 
fy 0 (stress) 
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For plastic sagging bending with full shear connection, the effect of longitudi- 
nal reinforcement can be ignored and, therefore, the resistance function is given 
as follows [1,61]: 
I rt = 9R(Xp, Xg)- Aafy(hg + h, - 
Aafy 
(3.2) 
where, XP and X. specify the basic variables as geometric properties and material 
properties, respectively, and, as shown in Figure 3.1, 
fy yield strength of structural steel; 
fc compression (cylinder) strength of concrete; 
area of steel section; 
hg distance between the surface of top flange and the centre of steel area; 
overall height of concrete slab; 
b, breath of concrete slab. 
Thus, the coefficient of variation of rt, V, can be derived from equation 
(2.28), and is: 
2 ri 2+ f2V2 + f32V2 + )2V2 r- 2 (3.3) V, 2 ýR2 [(r2 + r-3+ 2 1F4L)2V 4 r4 ri r2 IS (xp x9 ri 
where, gR(SP, Xg ) is the mean theoretical resistance ft 
(the first-order approxi- 
mation [371): 
YR (Xp i 
Xg) - ft - r-, 
(r2 + r3 + fi r4) 
and 
(3.4) 
22 2 
ri = 
Aafy Vri = vu +v 22 fy 
r2 = hg 
Vr2 
= Vhg (3-5) 
r3 = 
hc Vr 
2 
Vh, 
2 v 
r4 = 
Vr4 
n 
fc 
,) and -t,, 
(for fy), are From function (3-2), two distinct safety factors, 7. - 
(for f, 
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needed for the design resistance in plastic sagging bending, so, using equation 
(2.44), the design format (2.33) can be specified in this case as 
A,, 
fk 
[hg + h, 
'ýMcl "Yma 
Aa(fyk/'Yma) 
1.7(f, k/ -(m, ) bc 
(3.6) 
Hence, according to equation (2.56), the model factor 7md for theoretical 
model (3.2) can be derived as 
Aa(fyk/'Tma)lhg + h, - 
Aa(fyk/7ma)/[1.7(fck/7mclb, ]l 
7md 2) (3-7) b gR(Xp) Xg) exp(- kdglnr- MaL,, ) 
where, gp, (, kp, X9) is given by (3.4); a,,, is determined 
from V,, and V6 (see 
equations (2.24) and (2.29)). 
As shown in Section 2.2.3, fyk an d fk can be found from 
(2-34) and (2.36) 
(with kas = 2.00 and kcý = 1.64), respectively, and the material 
factors from 
(2.54). Therefore, 7md iSobtained by substituting equation (2.54) into 
(3.7), and 
'7a and -yc for beams represented by group 
A are then determined from (2.44). 
It is seen from (3.6) that, for the beams 
in group A, the design resistance 
is proportional to the factor 1/^/md) which 
leads to the simple expression0f '7md 
given in equation (3.7). 1n fact, it can 
be shown that, for beams in groups 
B and 
C, the similar linear relationship betweenrd and 
1/7xnd also exists. Therefore, 
in most situations studied here, the model 
factor^/md can be explicitly expressed 
from equation (2.56) as 
9R(fyk/7maý fck/7mc) 
fsk/7ms) PRk/'Ymvi Xpo) 19) (3.8) 
U2 'rrnd )exp(-kd6, inr-0.5 bnr) 9R (fy i 
fc 
ý 
fs 
7 
PR 
7 
Xpo 
i =--=-g 
For plastic hogging bending of composite 
beams with full shear connection, 
no concrete (tensile) strength 
is included in prediction of the bending resistance 
[1,61], so only the yield strengths of structural steel and 
reinforcement, fy and fr,, 
are involved in the resistance 
function. Therefore, the design resistance of beams 
in group B only employs 7., 
(for fr, ) and ^/a (for fy). 
The resistance functiongR(X) and coefficient of 
variation, V, of beams in 
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group B are given in Appendix C. 
As presented in Section 2.2.3, the characteristic value of fr, is given by equation 
(2.370 with kss = 1.64 and the material factor ý. is obtained from (2.54). 
The procedure for founding the safety factors (i. e. -ý,, and -y,, .) 
for beams in 
group B is same as that for group A, and is not repeated here. 
3.2.2 Ductile partial shear connection (Group C) 
In Eurocode 4 [1], where the steel sections are of equal flanges, the shear con- 
nectors used in composite beams are defined as "ductile" if the degree of shear 
connection, NINf, satisfies 
0.4 
NINf > NINf > 0.25 + 0-03L 
NINf > 1.0 
when L<5 
when 5<L< 25 
when L> 25 
(3-9) 
where, L is beam span in metres, N is the number of shear connectors provided 
in the shear span, and Nf is the number of shear connectors required in the shear 
span for full shear connection, which can be determined as 
Nf = minjO. 85(h, - hp)b, f,, A,, fyllPR 
(3.10) 
where, PR is the strength of a shear connector 
(see Section 2.2.3); the other 
notations are defined in Figure 3.2. 
In this study, parameters L and N are regarded as 
determinate. 
According to the Eurocode 4 [1], strength function PR, for a headed welded 
stud connector is given as 
PR = 0.8kf, -, t(zd 
2 /4) 
or 
PR= 0.29akd'VlfcEc 
whichever is smaller, where 
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Figure 3.2: Sagging bending of composite beams with partial partial shear con- 
nection, second neutral axis in the steel top flange 
and 
0.2(h/d + 1) if 3< h1d 
I ifý h1d >4 
fut is the ultimate tensile strength of a headed stud; 
E, is Young's modulus of concrete; 
fc is the cylinder strength of concrete; 
d is the diameter of shank of the stud; 
h is the overall height of the stud; 
(3.13) 
k is the reduction factor for the influence of the ribs of profiled sheeting 
(in any), as determined below: 
for sheeting with ribs parallel to the beam, 
k=0.6(bolhp)[(hlhp) - 1] < 1.0 (3.14) 
for sheeting with ribs transverse to the beam, 
k=O. 7N, -'-5(bolhp)[(hlhp) - 1] < 1.0 
In equations (3.14) and (3-15), N, stands for the number of stud connectors 
0,8 5f, 
in one rib, not to exceed two in computations, and the other symbols are defined 
fy 
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in Figure 3.2. 
For all the test specimens collected [51-57] for this study, the calculation 
showed that PRis always determined by equation (3.12), so the reliability analysis 
to be carried out is based on equation (3-12), rather than (3.11). 
It can be inferred that, in case of the lower PR being determined from (3.11), 
use of equation (3.12) would lead to higher theoretical resistance and, therefore, 
lower b (see equation (2.25)); thus, under the condition of little change in VS, a 
conservative (higher) valueOf ^ýmd (equation (3.8)) would be obtained. 
According to the design code [1], the plastic bending resistance of a composite 
beam with ductile partial shear connection may be predicted in two alternative 
ways. As shown in Figure 3.3, one of these theoretical models is developed from 
the equilibrium conditions and can be characterized by curve ABC, while the 
other method is a conservative simplification: "linear interpolation", as shown 
by straight line AC. 
r t 
Mpl, R 
r by equilibrium method t 
r by linear interpolation t 
Mapl 
NINf 
Figure 3.3: Theoretical models for plastic bending resistances of composite 
beams 
with ductile partial connection 
1n Figure 3.3, Mapi is the plastic bending resistance of steel 
beam alone, and 
MPI, R is the plastic bending resistance of 
the beam with full shear connection. 
The resistance functions from these two models are given 
in Appendix C. 
As implied by equations (3.12) to (3.15), in a resistance 
function for beams 
with partial shear connection, the reduction 
factors, a and k, may be involved. 
1.0 
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According to (3.13) to (3.15), a and k are only applied in the equations when 
beams are built with profiled sheeting, or when short stud connectors (i. e. h1d < 
4) are used. Normally, the influence on the theoretical resistances from the vari- 
ation of these reduction factors, if any, is negligible, so, for simplicity, a and k 
are directly assumed as deterministic parameters in the analysis. 
To find PR from equation (3.12), one needs to know the concrete strength, 
f, as well as the Young's modulus, Ec. As discussed in Section 3.1.1, the results 
of beam tests are not used for calibration if no measured value of f, for the 
specimen is available. In some reported tests, the measured material strengths 
of the specimens are available, but Young's modulus of concrete was not given. 
According to the relationship from Eurocodes 2 and 4 [1,4], the mean value of E, 
is related to the mean value of f, as follows, 
-1 
WC 
Pc - 9500fc' (2400 (3-16) 
where E, and f, are in units of N/mm 2, and W,, is the density of concrete, in 
kg/M2 units, which is assumed as a determinate parameter in the analysis. 
In this study, it is further considered that the actual value of E, for a test 
specimen may be estimated from formula (3.16), with 
fr, replaced by the measured 
value of f,:. So, when the Young's modulus of concrete is unavailable for a test 
specimen, this estimation is used to calculate the theoretical resistance 
for finding 
b and Vs. This causes an error in the results. Fortunately, the effect of variation 
of Ec on the theoretical resistance appears to be quite small; with respect 
to 
the coefficients of variation in Appendix B, the variance of 
E, only causes the 
theoretical resistance rt to vary about 1% to 1.5%. 
Another problem from the involvement of Young's modulus 
E, in the analysis 
is that, as is well known, this variable is correlated to the strength 
f, to some 
extent. However, no applicable information 
for such a correlation has been found 
so far. According to basic assumption 
(6) in Section 2.2-1, the random variables 
E, and fc are still assumed to be uncorrelated 
in the analysis. In fact, when f, and 
3.2 Calibration of partial safety factors for composite beams 48 
E, are considered as fully correlated, i. e. the correlation coefficient, as denoted 
pxjxj in equation (2.27), for f, and E, becomes 1 instead of 0, the calculation 
shows that, compared with the analysis based on uncorrelated E, and f, the 
model factors ^Yind can typically increased by about 1.5%. Since, the reality is 
that Ec and f, is only partly correlated at most, it is concluded that the error in 
assuming no correlation between E, and f, is only of the order of 1%, which is 
obviously acceptable. 
For bending resistances of beams with ductile partial shear connection, the 
safety calibration is needed for each of two theoretical models shown in Figure 
3.3, equilibrium method and linear interpolation. According to the resistance 
functions developed from the two models, the coefficients of variation) V, can 
be derived correspondingly, and are listed in Appendix C. 
With respect to the relevant test results, both the equilibrium method and 
linear interpolation are applied to the test specimens, so that the test corrections, 
L and Vs can be obtained for each of these theoretical models. Then, the partial 
safety factors (i. e. 'Yaý -y, and 7, ) can be determined in the same way as for the 
beams in groups A and B. 
As presented above, the model factor '7md for beams with ductile partial shear 
connection (beams in group C) can be found out in closed form (3.8). Here, in 
determining "/md, the strength of reinforcement fr, need not be considered; fyk, 
fck) 7ma and -y., are same as those used in beams for group A. According to 
the discussion in Section 2.2.3, for the characteristic strength PRk specified in 
Eurocode 4 [1], the material factor 7m, to strength of shear connection is directly 
taken as 1.25. 
According to the code [1], when the strength of shear connectors are domi- 
nated by the concrete strength, i. e, determined 
by equation (3.12), the charac- 
teristic strength PRk is given by the same equation, but with 
E, replaced by the 
mean value Ec and fc with fck. 
Once the model factor ^ýmd is known, the partial safety factors for 
design 
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bending resistances of beams in group C can be easily determined from equation 
(2.44). 
3.2.3 Non-ductile shear connection (Group D) 
As explained above, the shear connectors used in a beam are regarded in Eurocode 
4 as "ductile" when the degree of shear connection for the beam does not violate 
condition (3.9), otherwise, the shear connectors are classified as "non- ductile". 
For "non-ductile" connectors, the theoretical bending resistance of such a 
beam, rt, is related to the longitudinal force provided by the shear connectors by 
, 
ý! Fl(rt- Ma, S)/(Mel, R -m F, a, S) (rt < Mel, R) 
F, : -:: ý! (F, f-F, 1) (r t el, R) 
+F (M. 1, R: 5 rt pl, R) - 
Mel, R)/(Mpl, R m'M el 
(3.17) 
where 
Mel, Ris the ultimate elastic bending moment (resistance) of the composite 
section; 
F, l is the concrete force atMel, R; 
M,,, s is the bending moment acting on the steel beam due to actions on the 
steelwork alone, before composite action becomes effective; 
Mpl, Ris the ultimate plastic bending moment (resistance) of the composite 
section with full shear connection; 
F, f is the concrete force at Mpl, p,; 
F, is the longitudinal shear resistance provided by shear connection in the 
shear span. 
As the beams with "ductile partial shear connection" (see Fi ure 3.2 and 
C. 5), 9 
the longitudinal shear resistance F, is determined by the strength of the shear 
connectors, PR, and the number of connectors used in the shear span, 
N: 
F, - NPR= 
N (Nf PR) (3.18) 
Nf 
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where PRfor this study is found from equation (3.12). 
In calculation, the inequality signs in (3.17) can be replaced by equality signs, 
so, from (3.17), the theoretical resistance for composite beams with non-ductile 
partial shear connection is in general written 
(Mel, 
R - Ma, S)(Fc/Fel) + MaS (Fc < Fel) 
(3.19) (Mpl, R - mel, R)(Fc - Fel)I(Fcf - Fel) + Mel, R (Fel 
-<Fc 
< Fcf) 
To generate above resistance functions, besides Young's modulus of concrete, 
E, the modulus of steel, E., needs to be known as well. Compared with E, even 
fewer test reports gave the results of measuring Ea. When E., is not available 
for the specimens, the analysis simply takes E., as 210kN/MM2 , as the effect of 
variation in E, like E, is small. 
In aPplying equation (3.17) or (3.19), the design code [1] requires that the 
construction procedure needs to be taken into account, so that two situations 
should be distinguished in predicting the resistances: propped construction and 
unpropped construction. 
When a beam is unpropped during construction, the construction load causes 
a bending moment M,,, s in the steel beam alone, in other words, M,,, s =ý 
According to the code [1], the elastic bending resistanceMel, R should then be 
determined from 
Mel, R - 
fy 
(Mc + Ma, S) (3.20) fca + fa 
where, 
1111, is the bending moment on the composite section determined by elastic 
theory and assuming the compressive force in concrete to be F,; 
f,, is the maximum stress in the steel beam at M,,, S; 
f,,,, is the maximum stress in the steel beam at M,,,; 
fy,, is the maximum stress in steel beam at MeI, R determined by taking the 
limiting bending stresses as fy in the steel beam and 0.85fc in concrete; 
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As the elastic bending resistance M, 1, R for unpropped construction includes 
the effect of the construction load, M,,, s, and this is only related to the steel 
beam, it is considered that the compressive force Fj in the concrete slab is not 
determined fromMelR by means of general elastic formula; instead, based on the 
design code [11, this study takes Fj as 
F, j -- - 
fya 
F, fca + fa (3.21) 
When propped construction is used, the steel beam during construction would 
carry negligible load, so it can be assumed that M,,, s =0 and (therefore) fa = 0. 
Consequently, as implied by equations (3-20) and (3.21), determination0f MeI, R 
and Fj for beams propped during construction becomes normal as usual. 
The resistance functions (3.19) for propped construction and unpropped con- 
struction can be described by Figure 3.4. 
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Figure 3.4: Theoretical models for plastic bending resistances of composite 
beams 
with non-ductile partial connection 
If the beams are constructed unpropped, the steel beams could 
be subjected 
to various kinds of construction loads, which can 
lead to an over- complicated 
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situation for calculating M,,, s and f,,. Neverthelessý it can be recognized that, 
normally, the construction load is dominated by the self-weight of fresh concrete. 
So it is assumed for the analysis that 
(1) in determining M,,, s and f., for beams constructed unpropped, the self- 
weight of the fresh concrete is the only construction load on the steel beam. 
Usually, the construction load dominated by the self-weight of fresh concrete, 
is significantly smaller than the ultimate load to be carried by the beams. Fur- 
thermore, in Eurocode 4 [1], no safety factor is specified for Ma, s or fa. Therefore, 
this study assumes that 
(2) no safety factors are applied to Ma, S or f, 
Since the prediction of bending resistance for beams with non-ductile partial 
shear connection is not the same for different construction procedures, it would 
be ideal to know the construction method for each specimen in the tests reported. 
However, in the test data found so far, it is rarely stated whether the construc- 
tion was propped or unpropped, which then results in difficulty in calculating 
the theoretical resistance to obtain the test corrections, b and V6. From equation 
(2.31), it is suggested that the lower (conservative) design resistance would be 
obtained when b is decreased. Therefore, considering that the higher the theo- 
retical resistance is taken, the lower the value of 
L which results in, it is assumed 
that 
(3) in using equations (2.25) and (2.26), between the two predictions, based on 
propped and unpropped construction, for test specimen i 
(i = 1, ..., n), 
the higher of the two calculated resistances is taken as the rti. 
The parameters b and V8 determined according to this assumption are then 
used to calibrate the design resistances for both propped and unpropped con- 
structions. 
As suggested by equation (3.18), Fc is decreased when a 
lower degree of shear 
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connection NINf is used in a beam. It can be seen from Figure (3-4) that when 
F, becomes lower than certain level, the predicted bending resistance, rt, for the 
beams becomes even smaller than the plastic bending resistance of steel beam 
alone, -A/lap,. 
This means that the theoretical model given by equation (3.19) is 
not suitable to 'be used for beams with an exceptionally low degree of shear. In 
practice, such beams are not used. Thus, the following assumption is made: 
if, from the calculations based on both unpropped and propped construc- 
tion, the theoretical resistances, rt, of a test specimen are both lower than 
Map,, the test specimen is excluded from the safety calibration for design 
resistance based on (3.19). 
The test corrections -b and V6 found from assumption (4) will be used to 
calibrate design resistances for both propped and unpropped construction. 
The reliability of using equilibrium method and linear interpolation (as de- 
veloped for beams with ductile partial shear cýonnection) for the beams with 
non-ductile shear connection is also studied. When these models are used, the 
problems covered by the above assumptions do not exist. This enables more test 
specimens to be included in the analysis. 
V- 
From the presentation of the theoretical model (3.19), one can realize that it 
would be too complicated to derive a closed form for the coefficient of variation 
Vrt for this model. Therefore, for either propped or unpropped construction, 
equation (2.28) is still used to determine Vt, but the derivative of the value of 
the resistance function with respect to a basic variable Xj, at point X=X, 
is 
calculated in the following numerical way: 
i9gR(X) 9R[-91i -' 
A-1A(l + O)A+Iý ... i 
XJJ 
- 9R(-k) 
Oxi 
lx=x =- OXi 
(3.22) 
where 0 is a small constant. Calculations by computer show 
that an appropriate 
value of 0 may be selected between 0.001 to 0.005. 
Same as for beams with ductile shear connection 
(group C), in determining 
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1//rt 
ý reduction factors, a and k, for PR, beam span L, number of shear connectors, 
N, and density of concrete, W, are treated as deterministic parameters here. 
When the relevant parameters, b, V8, n (number of test specimens in the 
group) and Vt are all known, the partial safety factors for the beams with non- 
ductile shear connectors can be calibrated. 
According to assumption (2), no safety factors are applied to Ma, S and fa. 
Thus, when unpropped construction is considered, it can be shown [60] from 
equations (3.19) to (3.21) that the design resistance is not in general, like beams 
in the other groups, proportional to 1/7md) so equation (3.8) cannot be used to 
determine -ýmd in this case. Nevertheless, using numerical techniques, there is no 
difficulty to find the model factor 7md from the general equation (2.56). 
If propped construction is considered, M.,, s and f, are considered to be zero, 
SO 7ind can be expressed in the form of equation (3.8). 
The numerical format of calculating 'Tmd for the beams in group D with un- 
propped construction is given in the next section. 
The other concepts for obtaining the partial safety factors for design resis- 
tances of the beams in group D are the same as those applied in group C. 
3.3 Calculation of failure probability and model 
factors by programs 
All the calculations for the reliability analysis of the beams in bending are im- 
plemented by computer programs. The use of these programs 
is introduced in 
Appendix D. 
It has been shown in Section 2.3 that with respect to the given partial safety 
factors, the probability of the real resistances failing to reach the 
design values, Pf, 
can be inversely found out, and, therefore, the reliability of 
the design formulae 
with these safety factors may be judged 
from another aspect. 
For composite beams represented by the test groups studied 
here, applying 
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the code values of the partial safety factors [1] (as listed in equation (2.59) to 
the characteristic strengths used above (i. e. fyk etc. )), the corresponding design 
fractile-factor, kd, underlying the design bending resistances can be found ac- 
cording to equation (2-56). Consequently, as presented in Section 2.3, the failure 
probability Pf at a given confidence level c can be determined from kd and the 
group size n. 
However, Pf needs to be found from a nonlinear equation (equation (2.58). 
So, in the computer program, an iterative method is employed to calculate Pf 
from known kd, c and n. 
In order to develop the iteration format, equation (2.57) is re-written 
2 
kb - 
kd Vr2- kd, 
oo 
Vrt 
V2 
5 
(3.23) 
where, as explained for equation (2.57), k(,, (). is a fractile-factor corresponding 
to Pf, found from the standard normal distribution; and kb is a fractile-factor 
of the non-central t-distribution (Appendix A), determined by Pf at a certain 
confidence level c and group size n. 
IT t 
deuce level c Therefore knowing Vr2, V. ý, V82, kd and n, for a specified confi 
(this study takes c=0.75), the failure probability Pf can be calculated as follows. 
1. Guess an initial value for Pf, denoted Pf, (in this study, the initial value is 
taken as 0.0012) 
Find kd, oo from 
Pfli using the standard normal distribution. 
3. Calculate kb from equation (3.23). 
4. Determine a new value of Pf, denoted Ph, from kb, n and c=0.75, using 
tables for the non-central t-distribution [39]. 
Set up a better value for Pf: 
Pf i+ Pf, (3.24) Pff2 =2 
3.3 Calculation of failure probability and model factors by programs 56 
6. Compare Pf2with Pfl. If the two values differ by less than 0.1%, then Pf 
is determined as Pf2; otherwise, replace Pf, by Pf2 and return to step 2 for 
the next iteration. 
It was found that a satisfactory value for Pf can normally be achieved in fewer 
than 10 rounds of iteration. 
Another numerical technique is used in the computer program to find the 
model factor 'Ymd for beams in group D with unpropped construction. 
As indicated in Section 3.2.3) 7md fOrtheresistancefunction(3.19) needs to be 
found from equation (2.56), if the beams are considered to be unpropped during 
construction. So the computation uses trail and error method as follows. 
1. Calculate the right side of equation (2.56); the result is denoted rd. 
2. Guess the range in which^tmd 
lies, jmd, j :ý , ymd !ý 7md, ui (for this study, 7md, I 
is initially taken as 0.5 and7md,,, as 3.0). 
Calculate 
I 'Ymd 
7md, l + ^/md, u 
2 
(3.25) 
and take^/mdas 1 to calculate the left side of equation 
(2.56). The result ")ýnd 
is denoted rd- 
4. Compare rd' with rd- 
If Ird' - rdl/rd :50.01%, then ^/iind is determined as d 
71. d; otherwise 
(a) if r' < rd (which means the assumed value 
Of 'Ymd is too large), then 
d 
take^fmd, u as 1L., and return 
to step 3 for the next iteration; 
(b) if r' > rd (which means the assumed valueOf 
7md is too samll), then 
d 
take "Ymdl as -ýLdand return to step 3 for the next 
iteration. 
Following this procedure, ^/md for resistance function 
(3-19) can normally be 
obtained in less than 15 cycles. 
Chapter 4 
Calibration results and 
discussions 
Following the concepts developed in the last chapter, the safety of designing 
bending resistances for composite beams, in accordance with Eurocode 4, has 
been calibrated. As considered in Section 3.1, the calibration has been made 
based on the test results of composite beams as defined in the four groups. This 
chapter is to present the calibration results for the beams represented by these 
test groups. With respect to the results obtained, the reliability underlying the 
relevant design formulae of Eurocode 4 [1] is also discussed in this chapter. 
All the calculations are made by the computer programs. Notes on the using 
of these programs and all the original input datafiles are given in Appendix D. 
4.1 Results of calibration 
From the literature study, acceptable test results for the reliability analysis of 
composite beams have been found from 
- 27 specimens for group A; 
- 21 specimens for group B; 
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- 26 specimens for group C; 
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- 27 specimens for group D when the theoretical model is as given by Eu- 
rocode 4 (equation (3.19)), and 48 specimens for the same group when the 
models provided for beams in group C are used (i. e. the equilibrium method 
and linear interpolation described in Section 3.2.2). 
For the test specimens in each group, the experimental resistances and the 
theoretical values of rt calculated according to assumption (3) in Section 2.2.1, 
denoted rj and rti, respectively, are shown in Tables 4.1 to 4.5. The designations 
of the specimens and sources are also recorded in these tables. 
It is treated in the analysis that the specimens with the same intended values 
of basic variables (i. e. the same design) constitute a sample, which, as shown in 
Tables 4.1 to 4.5, leads to 14 samples (numbered S1 to S14) from group A, 15 
(numbered HI to H15) from group B, 24 (numbered SDI to SD24) from group 
C, and 18 (numbered SNI to SN18) from group D for the models used in the 
code [1] (Section 3.2.3) and 38 (numbered CNI to CN38) from group D for the 
theoretical models developed [1] for beams in group C. 
Tables 4.6 to 4.11 give the mean values of basic variables for all the beam 
samples except for H15 in group B. For sample H15, the plastic neutral axis of 
the steel section alone is within the bottom flange. Its ratio t, i/t, i is included 
in calculating the parameters, b, V8, etc., but the further reliability analysis for 
this sample is not made, as the resistance function differs from that for the other 
samples in hogging bending. 
The test specimens collected for all the four groups had the concrete flanges 
symmetrical about the steel web. 
For group A, the test data were obtained in a total of four different research 
laboratories which locate in two countries: UK and U. S. A. Only one of the spec- 
imens was fabricated with profiled steel sheeting and lightweight concrete 
[41]. 
Except for those in samples S13 and S14 [481, the sections of specimens were all 
formed by symmetrical steel sections. The size of the steel 
bottom flanges of 
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Table 4.1: Resistances of test specimens in group A 
sample Ref. name of rti ri rei/rti 
number specimen (kN-m) (kN-m) 
Si 41 No. 1 377.0 435.0 1.154 
S2 42 No. 1 83.7 87.0 1.039 
S3 42 No. 2 87.6 92.0 1.050 
A1 511.1 578.0 1.131 
A2 528.5 604.9 1.145 
A3 565.0 604.9 1.071 
A4 579.2 696.3 1.202 
S4 43 A5 572.3 638.5 1.116 
c1 557.9 601.6 1.078 
D1 556.6 612.9 1.101 
F1 583.7 653.3 1.119 
T1 498.7 604.9 1.213 
B1 527.5 655.3 1.242 
E1 610.7 697.3 1.142 
S5 43 U1 592.5 699.6 1.181 
U2 519.2 695.6 1.340 
U3 522.5 680.5 1.302 
S6 44 CB2 38.2 46.9 1.228 
CB4 37.2 40.0 1.075 
S7 45,46 Ssi 152.9 188.7 1.234 
S8 45,46 SS2 177.3 200.0 1.128 
S9 45)46 SS3 203.7 216.9 1.065 
SIO 45 1416 
SS6 225.3 232.8 1.033 
Sil 47 CBIO 164.1 199.0 1.213 
S12 47 CB12 191.7 205.0 1.069 
S13 48 No. 2 5517.7 6019.8 1.091 
S14 48 No. 3 3615.4 3618.1 . 001 
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Table 4.2: Resistances of test specimens in group B 
sample 
number 
Ref. name of 
specimen 
rti 
(kN-m) 
rei 
(kN-m) 
rei/rti 
HI 42 No. 1 
No. 2 
56.0 
60.1 
73.9 
78.9 
1.320 
1.313 
H2 44 CB2 
CB4 
24.1 
24.1 
31.2 
30.6 
1.295 
1.295 
H3 49 SC-3S 683.3 697.8 1.021 
H4 49 SC-4S 757.6 778.3 1.027 
H5 50 4A 185.0 217.0 1.173 
H6 50 
2 
5 
6 
224.0 
224.0 
224.0 
238.7 
239.1 
244.1 
1.066 
1.067 
1.090 
H7 50 11 280.2 375.2 1.339 
H8 50 12 305.0 1.274 
H9 50 
13 
16 
17 
313.0 
313.0 
313.0 
393.2 
391.0 
388.7 
1.256 
1.249 
1.242 
HIO 50 22 253.9 323.2 1.273 
H11 50 23 280.8 337.9 1.203 
H12 50 24 285.0 340.1 1.193 
H13 50 32 240.9 271.2 1.126 
H14 50 33 266.1 291.5 1.096 
045 H15 49 No. 3 4110.4 4293.5 1. 
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Table 4.3: Resistances of test specimens in group C 
61 
sample 
number 
Ref. name of 
specimen 
IN YT 2 (-ýL Nf )I 
3 rt, 
(kN-m) 
(2) 
4 
rti 
(kN-m) 
(3) 
r ei 
(kN-m) 
(3)/(1) (3)/(2) 
SDI 51 1AIR 0.495 0.47 753.1 832.6 826.6 1.098 0.993 
SD2 51 1A5R 0.465 0.43 788.8 876.5 1026.2 1.301 1.171 
SD3 51 IB2 0.489 1 0.47 617.9 697.1 682.5 1.105 0.979 SD4 51 ID1 0.495 0.47 749.0 828.3 813.3 1.086 0.982 
SD5 52 Al 
A2 
0.705 
0.721 
0.41 
0.41 
250.1 
254.7 
266.6 
270.3 
264.7 
276.8 
1.058 
1.087 
0.993 
1.024 
SD6 52 A3 0.556 0.41 227.2 248.9 257.8 1.135 1.036 
SD7 51 70-4 0.607 0.52 316.2 351.9 361.2 1.142 1.026 
SD8 51 66-11(56) 0.436 0.43 112.0 128.7 147.4 1.317 1.146 
SD9 51 66-11(W) 0.769 0.43 345.1 367.1 382.0 1.107 1.041 
SD10 51 64-15(Hl) 0.599 0.40 267.5 290.6 330.6 1.236 1.138 
SD11 51 64-15(El) 0.724 0.40 264.6 281.7 322.8 1.220 1.146 
SD12 51 71 (EPIC) 0.517 0.40 239.9 263.8 327.1 1.364 1.240 
SD13 51 68-4(l) 0.664 0.43 319.9 348.3 328.5 1.027 0.943 
SD14 51 69-1(3) 0.598 0.43 304.3 335.6 341.6 1.122 1.018 
SD15 51 70-31(A) 0.708 0.42 307.3 333.0 357.6 1.164 1.074 
SD16 51 67-36CU3 0.486 0.47 219.9 246.1 270.0 1.228 1.097 
SD17 51 65-19BS12 0.942 0.40 309.4 313.7 299.5 0.968 0.955 
SD18 51 65-19BS11 0.938 0.40 310.0 314.6 310.2 1.001 0.986 
SD19 51 76-36CU2 0.798 0.47 293.5 306.7 317.1 1.081 1.034 
SD20 51 67-36CUl 0.910 0.47 279.1 284.4 339.9 1.218 1.195 
SD21 51 TEX-3 0.714 0.54 688.1 729.4 859.8 1.250 1.179 
SD22 51 174-75 0.730 0.57 1234.9 1315.2 1469.5 1.190 1.117 
SD23 52)53 68-5(2) 0.640 0.52 349.3 385.0 384.7 1.101 0.999 
SD24 
1 
52 
1 
A4 
A5 
0.639 
0.848 
0.41 
0.41 
272.2 
322.7 
298.9 285.5 1.049 0.955 
334.0 314.9 0.976 0.943 
actual degree of shear connection; 
2 the lowest degree of shear connection required for ductile partial shear 
connection [1]; 
theoretical resistances found from linear interpolation; 
theoretical resistances found from the equilibrium method. 
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Table 4.4: Resistances of test specimens in group D (theoretical resistances are 
predicted from the non-ductile models) 
sample 
number 
Iýe-f- name of 
sp im specimen 1ýN AT 2( Nf ), w 
MapI 
(kN-m) 
3rti-- 
(kN-m) 
- 
rei 
(kN-m) 
r, i/rti 
SM 51 ID2 0.458 0.47 470.9 614.0 698.4 - 1.137 
SN2 51 66-11(42) 0.328 0.43 74.4 87.8 139.0 1.583 
SN3 51 67-38 0.388 0.47 209.5 263.2 410.8 1.561 
SN4 51 73(RF) 0.445 0.48 201.3 302.8 415.1 1.371 
SN5 51 70-31(D) 0.370 0.42 191.9 231.8 342.7 1.478 
SN6 51 70-31(C) 0.361 0.57 480.6 607.4 8416.0 1.400 
SN7 51 72-12(80) 0.293 0.48 382.5 402.2 574.0 1.427 
SN8 51 175-75 0.410 0.57 572.2 773.5 1071.8 1.386 
SN9 51 16-76 0.492 0.62 437.0 637.1 931.8 1.462 
SNIO 56 is 0.530 1 0.55 661.7 921.6 1011.0 1.097 
SNII 57 1 0.381 0.49 140.7 190.5 254.4 1.335 
SN12 57 3 0.263 0.49 145.4 152.5 238.4 1.563 
SN13 51 TEX-I 
TEX-6 
0.295 
0.309 
0.54 
0.54 
385.6 
388.1 
420.5 
436.4 
677.2 
724.9 
1.610 
1.661 
SN14 51 TEX-2 
TEX-8 
0.533 
0.537 
0.54 
0.54 
416.4 
405.6 
642.5 
629.3 
899.1 
867.5 
1.399 
1.378 
SN15 51 TEX-4 
TEX-5 
TEX-7 
0.422 
0.407 
0.446 
0.54 
0.54 
1 0.54 
374.7 
388.6 
405.2 
523.6 
535.1 
578.8 
752.1 
790.1 
819.6 
1.436 
1.476 
1.416 
SN16 51 IR-1-76 
IR-2-76 
0.400 
0.431 
0.54 
0.54 
352.9 
355.8 
472.2 
492.8 
645.2 
638.5 
1.367 
1.296 
SN17 51 HHR-1-76 
HRR-2-76 
RF-1-76 
RF-2-76 
0.324 
0.346 
0.332 
0.318 
_ 0.54 
0.54 
0.54 
0.54 
365.4 
359.9 
364.0 
358.6 
417.2 
431.0 
422.8 
404.2 
592.6 
590.3 
606.3 
_610.9 
1.420 
1.369 
1.434 
1.512 
SN18 3 BSI 
BS2 
0.408 
0.459 
0.48 
1 0.48 
449.4 545.2 710.4 1.303 
1 436.2 1 617.6 1 715.5 1 1.158 
actual degree of shear connection; 
the lowest degree of shear connection required for ductile partial shear 
connection [1]; 
higher value of theoretical resistances from propped and unpropped 
constructions (assumption (3) in Section 3-2.3). 
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Table 4.5: Resistances of test specimens in group D (theoretical resistances are 
predicted from linear interpolation and the equilibrium method) 
sample 
number 
Ref. name of 
specimen 
1N YT 
2 
Nj 
3 
rti 
(kN-m) 
(2) 
4 
rti 
(kN-m) 
(3) 
r ei 
(kN-m) 
(3)/(1) (3)/(2) 
CN1 51 IA2 0.331 0.47 610.1 --ý00-0 705.0 1.156 1.007 
CN2 51 IA3R 0.193 0.54 637.6 712.7 788.3 1.236 1.106 
CN3 51 IA6R 0.324 0.47 778.2 898.1 945.5 1.215 1.053 
CN4 51 IA7 0.207 0.54 636.5 725.1 698.8 1.098 0.964 
CN5 51 IBI 0.225 0.54 487.3 554.7 650.3 1.334 1.172 
CN6 51 ici 0.281 0.47 588.8 680.2 690.1 1.172 1.015 
CN7 51 IC2A 0.086 0.54 588.7 637.1 710.9 1.208 1.116 
CN8 51 IC2B 0.096 0.54 602.9 657.2 728.5 1.208 1.108 
CN9 51 IC3 0.176 0.47 669.6 757.8 782.8 1.169 1.033 
CN10 51 IC4 0.142 0.54 685.7 745.3 841.7 1.227 1.129 
CN11 51 ID2 0.458 0.47 637.6 731.7 689.4 1.095 0.955 
CN12 51 ID3 0.185 0.54 1 719.7 810.4 846.1 1.176 1.044 
CN13 51 ID4 0,229 0.54 671.0 765.7 717.7 1.070 0.937 
CN14 54 1 0.228 0.52 459.6 527.6 538.5 1.172 1.021 
CN15 54 2 0.244 0.52 466.3 536.3 537.6 1.153 1.002 
CN16 51 66-11(42) 0.328 0.43 108.6 125.7 139.0 1.280 1.106 
CN17 51 67-38 0.388 0.47 290.8 337.6 410.8 1.413 1.217 
CN18 51 72-12(75) 0.171 0.48 654.7 723.7 716.1 1.094 0.990 
CN19 51 73(RF) 0.445 0.48 328.7 
- 
364.3 415.1 1.263 1.139 
CN20 51 67-II(Bl) 
67-11(B2) 
0.184 
0.195 
0.40 
0.40 
ý O 7.0 
209.7 
-- - 
232.6 
235.7 
252.3 
246.6 
1.219 
1.176 
1.085 
1.046 
CN21 51 70-31(D) 0,370 0.42 ý 522 
- - 
292.7 342.7 1.359 1.171 
CN22 51 70-31 (C) 0.361 0.57 ý 47 4 747.7 846.6 1.308 1.132 
CN23 51 69-2(HR) 0.224 0.44 145.7 162.9 175.8 1.207 1.079 
CN24 51 TEX-1 
TEX-6 
0.295 
0.309 
0.54 
0.54 
515.3 
528.2 
591.5 
603.2 
677.2 
724.9 
1.314 
1.372 
1.145 
1.202 
CN25 51 TEX-2 
TEX-8 
0.533 
0.537 
0.54 
0.54 
675.3 
662.7 
744.4 
728.2 
899.1 
867.5 
1.331 
1.309 
1.208 
1.191 
CN26 51 
T-EX-4 
TEX-5 
TEX-7 
0.422 
0.407 
0.446 
0.54 
0.54 
0.54 
559.6 
572.6 
617.4 
630.4 
647.7 
691.6 
- 
752.1 
790.1 
819.6 
- 
1.344 
1.380 
1.328 
- 
1.193 
1.220 
1.185 
273 1 124 1 CN27 51 1 1ý76 
IR-2-76 
0.400 
0.431 
0.54 
0.54 
506.8 
524.9 
ý 742 
589.4 
- 
645.2 
638.5 
- - 
. 
1.216 
. 
1.083 
- 199 1 053 1 
CN28 51 
HHR-1-76 
HHR-2-76 
RF-1-76 
RF-2-76 
0.346 
0.332 
0.318 
0.54 
0.54 
0.54 
0.54 
494.2 
496.7 
496.0 
483.0 
62 6 
563.1 
563.8 
549.7 
- 
592 6 
590.3 
606.3 
610.9 
- 
. 
1.188 
1.222 
1.265 
. 
1.048 
1.075 
1.111 
- 1 . ý- 740 080 1 962 0 
CN29 51 72-12(80) 0.293 0.48 531.3 96 7 
5 
7 47 
. 
160 1 
. 
1 018 
CN30 1 75-16 0.314 1 0.52 472.3 537.8 . 
5 . . 
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'fable 4.5: (continued) 
sample 
number 
Ref. name of 
specimen 
1N Nf- I Nj 
(1) 
'rti 
(kN-m) 
(2) 
4rti 
(kN-m) 
(3) 
r ei 
(kN-m) 
(3)/(1) (3)/(2) 
CN31 51 175-75 0.410 0.57 833.3 961.1 1071.8 1.286 1.115 
CN32 51 16-76 0.492 0.62 667.9 760.8 931.8 1.395 1.225 
CN33 55 BSI 
BS2 
0.408 
0.459 
0.48 
0.48 
629.4 
650.5 
738.2 
747.9 
710.4 
715.5 
1.129 
1.100 
0.962 
0.957 
CN34 56 is 0.530 0.55 961.5 1083.0 1011.0 1.051 0.933 
CN35 57 1 0.381 0.49 215.0 243.0 254.4 1.183 1.046 
CN36 57 2 0.191 0.49 194.5 218.4 214.4 1.102 0.982 
CN37 57 3 0.263 0.49 198.2 225.3 238.4 1.203 1.058 
CN38 57 4 0.138 0.49 178.8 197.5 184.4 1.032 0.934 
1 actual degree of shear connection; 
2 the lowest degree of shear connection required for ductile partial shear 
connection [1]; 
3 theoretical resistances found from linear interpolation; 
4 theoretical resistances found from the equilibrium method. 
Table 4-6: Mean values of basic variables for samples in group A 
sample Aa 
mm 
hg 
mm 
tw 
mm 
bf 
mm 
tf 
mm 
fy 
2 NImm 
h, 
mm 
hp 
mrn 
b, 
min 
fl 
2 N/mm 
si 4750 151.9 7.2 123.5 10.7 308 127 51.0 1500 27.0 
s2 2270 76.0 5.8 76.2 9.6 316 60.0 - 610 48.0 
s3 2270 76.0 5.8 76.2 9.6 316 60.0 - 610 38.0 
S4 8390 152.4 11.0 152.4 17.8 253 152 - 1219 22.1 
s5 8390 152.4 11.0 152.4 17.8 253 152 - 1219 30.1 
S6 1230 60.4 4.6 44.5 8.3 286 76.0 - 305 24.2 
S7 3800 103.4 6.3 133.6 9.6 269 127 - 254 41.0 
s8 3800 103.4 6.3 133.6 9.6 269 127 - 305 43.0 
s9 3800 103.4 6.3 133.6 9.6 269 127 - 406 32.0 
sio 3800 103.4 6.3 133.6 9.6 269 127 - 616 
32.0 
Sil 3800 103.4 6.3 133.6 9.6 282 76 - 915 
29.6 
S12 3800 103.4 6.3 133.6 9.6 282 102 - 1220 
29.6 
S13 20050 706.0 6.4 254.0 12.7 336 191 - 
1194 41.0 
(1054.1) (406.4) (25.4) 
S14 14895 549.2 4.8 203.2 15.9 336 165 - 
1168 51.0 
(847.8) (406.4) (19.1) 1 
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Table 4.7: Mean values of basic variables for samples in group B 
sample A r, 
mm 
2 
-ýy- 
N/mm2 
--T-bp 
MM 
'tp 
MM 
'ha 
mm 
fl 
N/mm2 
h, 
MM 
bf 
mm 
t, 
mm 
tf 
mm 
4Aa 
MM2 
Hi 594 316 - - 152.0 316 36.3 76.2 5.8 9.6 2271 
H2 222 286 - - 120.7 428 47.0 44.5 4.6 8.3 1232 
H3 1419 240 - - 532.7 310 114.8 211.1 10.4 14.0 11325 
H4 2419 240 - - 532.7 310 99.7 211.1 10.4 14.0 11325 
H5 774 319 76.2 9.5 304.8 329 38.1 101.6 6.11 6.7 3859 
H6 1600 320 76.2 9.5 304.8 329 38.1 101.6 6.11 6.7 3859 
H7 761 296 - - 310.9 373 50.8 166.6 7.8 13.7 6832 
H8 1265 296 - - 310.9 373 50.8 166.6 7.8 13.7 6832 
H9 1600 296 - - 310.9 373 50.8 166.6 7.8 13.7 6832 
Hio 516 303 - - 307,1 341 50.8 165.6 6.7 11.8 5884 
Hil 1200 303 - - 307.1 341 50.8 165.6 6.7 11.8 
5884 
H12 1600 303 - - 307.1 341 50.8 165.6 6.7 
11.8 5884 
H13 516 351 - - 303.5 341 50.8 165.1 
6.1 10.2 5142 
H14 1032 351 303.5 341 50.8 1 
165.1 6.1 
1 
10.2 
. 
5142 
breath of the steel plate attached to the bottom flange, as shown in Figure 
D. 1; 
thickness of the attached steel plate, as shown in Figure D. 1; 
height of steel section, excluding tp, as shown in Figure D. 1; 
4 area of steel section, including cross-section of the attached steel plate 
(if any). 
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Table 4.8: Mean values of basic variables for steel beams and spans for samples 
in group C 
sample Aa 
MO 
hg) hna 
mm 
tw 
mm 
bf 
mm 
tf 
mm 
fy 
N/mm' 
L (span) 
m 
SDI 7613 203.3 7.8 177.7 12.8 495.5 7.315 
SD2 8581 204.9 8.8 178.7 14.4 463.4 6.096 
SD3 10994 201.6 11.1 215.9 15.8 262.8 7.315 
SD4 7613 203.3 7.8 177.7 12.8 492.4 7.315 
SD5 4742 127.0 7.6 114.3 12.8 323.5 5.190 
SD6 4742 127.0 7.6 114.3 12.8 296.0 5,190 
SD7 4954 199.3 6.4 139.7 8.8 282.1 9.114 
SD8 2865 103.0 6.2 102.0 8.0 318.6 6.096 
SD9 5710 175.8 6.9 170.9 9.8 271.0 6.096 
SDIO 5125 155.2 6.1 171.1 9.7 286.2 4.572 
SDII 5125 155.2 6.1 171.1 9.7 254.1 4.572 
SD12 5125 155.2 6.1 171.1 9.7 246.9 4.572 
SD13 5710 175.8 6.9 170.9 9.8 263.8 6.096 
SD14 5710 175.8 6.9 170.9 9.8 259.0 6,096 
SD15 5710 175.8 6.9 170.9 9.8 251.7 5.791 
SD16 5125 155.2 6.1 171.1 9.7 251.0 7.315 
SD17 5125 155.2 6.1 171.1 9.7 266.5 4.572 
SD18 5125 155.2 6.1 171.1 9.7 267.6 4.572 
SD19 5125 155.2 6.1 171.1 9.7 279.3 7.315 
SD20 5125 155.2 6.1 171.1 9.7 249.0 7.315 
SD21 9484 206.5 9.7 179.6 16.0 250.0 9.754 
SD22 11553 301.5 10.7 175.9 15.0 250.0 10.64 
SD23 4936 198.4 6.4 139.7 9.5 317.6 9.114 
SD24 4742 127.0 7.6 114.3 12.8 323.5 5.190 
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Table 4.9: Mean values of basic variables for concrete slabs and shear connectors 
for samples in group C 
h, b, bo hp h d studs in f, E, W, 
Sample mm mm mm mm mm mm shear span (N MM2 
kN 
MM2 
(ýN) 
M3 
(1) (2) drs 
SDI 101.6 1829 57.2 38.1 76.2 19.1 4 10 T 23.9 16.0 18.0 
SD2 101.6 1829 76.2 38.1 76.2 19.1 4 8 T 25.6 15.0 18.5 
SD3 101.6 1829 76.2 38.1 76.2 19.1 3 8 T 33.3 14.9 18.1 
SD4 101.6 1829 57.2 38.1 76.2 19.1 4 10 T 23.9 14.0 18.0 
SD5 102.0 1830 - - 76.0 20.0 0 5 S 27.2 26.4 
23.5 
SD6 102.0 1830 - - 76.0 20.0 0 5 
S 32.3 15.2 18.0 
SD7 101.6 1778 54.1 38.1 76.2 19.1 14 0 T 21.9 15.3 17.8 
SD8 101.6 1118 57.1 38.1 76.2 19.1 5 0 T 23.9 25.8 22.8 
SD9 101.6 1194 57.1 38.1 76.2 19.1 13 0 T 27.8 27.1 22.8 
SD10 101.6 1219 114.3 38.1 76.2 19.1 12 0 T 26.6 16.8 18.1 
SD11 101.6 1219 114.3 38.1 76.2 19.1 5 4 T 27.7 17.1 18.1 
SD1I 101.6 1219 114.3 38.1 76.2 19.1 5 4 T 27.7 17.1 18.1 
SD12 133.4 1524 127.0 50.8 1ý 101.6 19.1 11 0 T 21.3 13.8 17.0 
SD13 101.6 1194 57.1 38.1 76.2 19.1 13 0 T 30.0 17.8 18.0 
SD14 101.6 1194 57.1 38.1 76.2 19.1 13 0 T 31.7 15.4 18.0 
SD15 101.6 1219 57.1 38.1 76.2 19.1 8 5 T 22.8 16.3 18.0 
SD16 88.9 1588 57.1 38.1 63.5 15.9 12 3 T 22.1 25.5 23.0 
SD17 101.6 1219 57.1 33.2 76.2 19.1 14 0 T 27.6 27.5 23.0 
SD18 101.6 1219 44.5 22.4 76.2 19.1 14 0 T 27.6 27.5 23.0 
SD19 88.9 1588 92.2 38.1 63.5 15.9 18 0 T 29.0 27.9 23.0 
SD20 88.9 1588 127.0 38.1 63.5 15.9 10 4 T 29.7 28.1 
23.0 
SD21 158.8 2438 152.4 76.2 152.4 19.1 0 13 T 26.2 
14.8 17.0 
SD22 228.6 2616 184.2 76.2 177.8 19.1 0 5(6) T 29.3 
28.0 23 
SD23 101.6 1156 57.1 38.1 76.2 19,1 14 0 T 
23.5 17.1 17.0 
SD24 102.0 1830 - 
76.0 1 20.0 10 
7 S 27.2 26.4 23.5 
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Table 4.10: Mean values of basic variables for steel beams and spans for samples in group D 
sample Aa 
2 
mm 
- 
hgýhna 
min 
tw 
mm 
bf 
mm 
tf 
MM 
fy 
N/MM2 I 
L (span) 
M 
CN1 7612.9 203.4 7.75 -T-77.7 1-2.8 411.0 7.315 
CN2 7612.9 203.4 7.75 177.7 12.8 461.4 9.754 
CN3 8580.6 204.9 8.76 178.7 14.4 461.0 "1 . 315 CN4 7612.9 203.4 7.75 177.7 12.8 445.2 9.754 
CN5 10993.5 201.6 11.1 215.9 15.8 231.4 9.754 
CN6 7612.9 203.4 7.75 177.7 12.8 414.1 7.315 
CN7 7612.9 203.4 7.75 177.7 12.8 459.3 9.754 
CN8 7612.9 203.4 7.75 177.7 12.8 466.5 9.754 
CN9 7612.9 203.4 7.75 177.7 12.8 496.2 7.315 
CN10 8580.6 204.9 8.76 178.7 14.4 459.0 9.754 
CNII, SNI 7612.9 203.4 7.75 177.7 12.8 400.0 7.315 
CN12 8580.6 204,9 8.76 178.7 14.4 458.0 9.754 
CN13 7612.9 203.4 7.75 177.7 12.8 458.6 9.754 
CN14 6717.6 201.5 7.50 177.0 10.9 359.8 9.144 
CN15 6717.6 201.5 7.50 177.0 10.9 359.8 9.144 
CN16, SN2 2864.5 103.0 6.2 102.0 8.0 342.1 6.096 
CN17, SN3 5709.7 175.8 6.9 170.9 9.8 274.8 7.315 
CN18 10977.7 154.8 9.10 254.3 16.3 404.5 7.620 
CN19, SN4 5709.7 175.8 6.9 170.9 9.8 264.1 7.620 
CN20 5125.3 155.2 6.0 171.1 9.7 269.3 4.572 
CN211SN5 5709.7 175.8 6.9 170.9 9.8 251.7 5.791 
CN22ýSN6 11354.8 231.7 10.5 191.9 17.7 241.0 10.82 
CN23 3996.8 129.2 5.8 139.5 9.1 263.1 6.401 
CN24, SN13 9483.9 206.5 9.7 179.6 16.0 259.1 9.754 
CN25, SN14 9483.9 206.5 9.7 179.6 16.0 275.3 9.754 
CN26, SN15 9483.9 206.5 9.7 179.6 16.0 260.9 9.754 
CN27, SN16 8580.6 204.9 8.76 178.7 14.4 265.2 9.754 
CN28, SN17 8580.6 204.9 8.76 178.7 14.4 270.9 9.754 
CN29, SN7 12322.6 153.9 9.90 304.8 15.4 244.8 7.620 
CN30 7612.9 203.4 7.75 177.7 12.8 312.1 9.1444 
CN31, SN8 10451.6 299.4 10.0 177.9 12.8 265.5 10.638 
CN32, SN9 8387.1 262.4 8.9 165.1 11.4 286.2 12.192 
CN33, SN18 7270.0 180.0 8.00 170.0 12.7 454.8 7.778 
CN34, SN10 10400.0 264.2 9.6 208.7 13.2 327.0 10.000 
CN35, SN11 4180.0 156.4 6.6 102.4 10.8 297.0 8.000 
CN36 4180.0 156.4 6.6 102.4 10.8 325.0 8.000 
CN37, SN12 4180.0 156.4 6.6 102.4 10.8 307.0 8.000 
CN38 4180.0 156.4 6.6 102.4 1 10.8 1 317.0 8.000 
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Table 4.11: Mean values of basic variables for concrete slabs and shear connectors for samples in group D 
Sample 
h, 
mm 
bc 
mm 
bo 
mm 
hp 
mm 
h 
mm 
d 
mm 
s 
sh 
- 
tü d-s i 
ear sp 
n 
an 
fc 
N 
rnM2 
Ec 
kN 
MM2 
WC 
(ýN) 
m3 
1 (2) drs 
CNI 114.0 2032.0 76.0 51.0 88.9 19.1 4 10 T 25.6 14.96 18.5 
CN2 139.7 2438.4 114.0 76.0 114.3 19.1 0 13 T 22.4 13.72 18.1 
CN3 114.3 2032.0 101.6 50.8 88.9 19.1 0 10 T 34.0 17.38 19.8 
CN4 139.7 2438.4 152.0 76.0 114.3 19.1 4 7 T 29.0 15.79 18.8 
CN5 139.7 2438.4 114.0 76.0 114.3 19.1 1 12 T 25.9 12.48 19.3 
CN6 101.6 1828.8 57.0 38.0 76.2 19.1 11 0 T 30.0 17.17 18.3 
CN7 139.7 2438.4 114.0 76.0 114.3 19.1 5 2 T 28.5 16.65 17.8 
CN8 139.7 2438.4 114.0 76.0 114.3 19.1 2 5 T 27.5 16.45 17.8 
CN9 114.3 2032.0 102-0 51.0 88.9 19.1 9 0 T 33.4 17.24 18.5 
CN10 139.7 2438.4 152.0 76.0 114,3 19.1 0 2 T 22.4 14.41 18.7 
CNH, SN1 101.6 1828.8 57.0 38.0 76.2 19.1 4 10 T 31.8 14.96 18.1 
CN12 139.7 2438.4 152.0 76.0 114.3 19.1 4 7 T 27.3 15.17 19.1 
CN13 139.7 2438.4 152.0 76.0 114.3 19.1 4 7 T 33.4 17.79 19.6 
CN14 141.0 2440.0 181.5 76.0 116.0 19.0 8 0 T 21.3 26.33 23.5 
CN15 141.0 2440.0 152.5 76.0 116.0 19.0 10 0 T 21.9 26.58 23.5 
CN16, SN2 101.6 1117.6 57.2 38.1 76.2 19.1 4 0 T 22.9 25.39 22.8 
CN17, SN3 120.7 1473.2 152.4 44.5 88.9 19.1 0 5 T 21.4 15.47 18.0 
CN18 158.2 1828.8 184.2 76.2 114.3 19.1 0 7 T 28.0 16.92 18.0 
CN19, SN4 158.8 2438.4 101.6 76.2 139.7 19.1 0 8 T 32.7 15.90 17.0 
CN20 139.7 1219.2 103.1 76.2 127.0 19.1 0 4 T 33.1 14.96 18.0 
CN21, SN5 101.6 1219.2 57.1 38.1 76.2 19.1 5 9 T 22.8 16.34 18.0 
CN22, SN6 152.4 1828.8 143.0 76.2 127.0 19.1 16 1 T 22.8 16.34 18.0 
CN23 157.5 1270.0 66,8 76.2 127.8 19.1 6 0 T 33.1 24.07 23.0 
CN24, SNI3 158.8 2438.4 152.4 76.2 114.3 19.1 0 13 T 22.8 13.28 16.5 
CN25, SN14 158.8 2438.4 152.4 76.2 139.7 19.1 0 13 T 27.1 14.07 16.5 
CN26, SNI5 158.8 2438.4 152.4 76.2 127.0 19.1 0 13 T 25.1 13.38 16.3 
CN27, SN16 139.7 2413.0 184.2 76.2 127.0 19.1 0 6 T 30.7 28.49 23.0 
CN28, SN17 139.7 2413.0 152.4 76.2 127.0 19.1 0 6 T 30.3 27.76 22.8 
CN29, SN7 177.8 1828.8 184.2 76.2 114.3 19.1 1 10 T 26.6 16.64 18.0 
CN30 127.0 2209.8 152,4 76.2 114.3 19.1 12 0 T 22.7 25.77 23.0 
CN31 ISN8 
158.8 2616.2 184.2 76.2 127.0 19.1 4 7 Ir 27.9 16.90 18.0 
CN323SN9 139.7 2400.3 171.5 76.2 124.5 19.1 0 10 T 23.9 26.21 23.0 
CN33, SN18 130.0 1500.0 114.5 51.0 100.0 19.1 13 0 T 35.3 29.85 23.0 
CN34, SN10 120.0 2500.0 150.0 60.0 100.0 19.0 17 0 T 34.6 29.65 23.0 
'SN11 CN35 125.0 2000.0 150.0 50.0 100.0 19.0 5 0 T 33.6 24.3 19.5 , CN36 125.0 2000.0 150.0 50.0 100.0 19.0 3 0 T 35.2 19.3 19.5 
2 SN12 CN37 125.0 2000.0 150.0 50.0 100.0 19.0 4 0 T 32.0 20.3 19.5 
1 CN38 125.0 1 2000.0 1 15010 1 50.0 
100.0 
1 
19.0 
1 
2 
L0 1T 
32.0 
, 
24.0 19.5 
E,, = 207kN/mm 
2 
2 E2,199kN/mm 2 
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Table 4.12: Parameters of test correction for groups of beams 
number of number of 
b V& P specimens, n laboratories 
group A 1,139 0.074 0.999 27 4 
group B 1.187 0.090 0.999 21 5 
using 
group C equilibrium method 1.054 0.082 0.991 26 7 
using 
linear interpolation 1.140 0.091 0.991 
using non-ductile 
model (Section 3.2.3) 1.409 0.096 0.959 27 12 
group D using 
equilibrium method 1.076 0.080 0.970 48 12 
using 
linear interpolation 1.218 1 0.080 0.973 
Table 4.13: Coefficients of variation of resistances in groups A and B 
11 
group A group B 
sample V,, V, ch" sample V" V, 
SI 0.089 0.116 0.115 HI 0.075 0.117 0.116 
S2 0.087 0.114 0.114 H2 0.072 0.115 0.115 
S3 0.086 0.114 0.113 H3 0.075 0.117 0.116 
S4 0.085 0.113 0.113 H4 0.074 0.116 0.116 
S5 0.087 0.114 0.114 H5 0.072 0.115 0.115 
S6 0.085 0.113 0.113 H6 0.072 0.115 0.115 
S7 0.087 0.114 0.114 H7 0.078 0.119 0.118 
S8 0.085 0.113 0.112 H8 0.077 0.118 0.118 
S9 0.085 0.113 0.112 H9 0.078 0.119 0.118 
SIO 0.086 0.114 0.113 HIO 0.080 0.120 0.120 
S11 0.086 0.114 0.113 HII 0.077 0.118 0.118 
S12 0.088 0.115 0.115 H12 0.078 0.119 0.119 
S13 0.089 0.116 0.116 H13 0.080 0.120 0.120 
S14 0.090 0,117 0.117 H14 0.077 0.118 0.118 
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Table 4,14: Coefficients of variation of resistances in group C 
sample Equilibrium method linear interpolation 
Vrt Vr ahir Vr t 
Vr Orhir 
SDI 0.075 0.111 0.111 0.080 0.121 0.121 
SD2 0.075 0.111 0.111 0.080 0.121 0.121 
SD3 0.082 0.116 0.116 0.072 0.116 0.116 
SD4 0.075 0.111 0.111 0.080 0.121 0.121 
SD5 0.078 0.113 0.113 0.076 0.119 0.118 
SD6 0.078 0.113 0.113 0.075 0.118 0.117 
SD7 0.081 0.115 0.115 0.074 0.117 0.117 
SD8 0.078 0.113 0.113 0.074 0.117 0.117 
SD9 0.079 0.114 0.114 0.078 0.120 0.120 
SDIO 0.079 0.114 0.114 0.073 0.117 0.116 
SDII 0.079 0.114 0.114 0.077 0.119 0.118 
SD12 0.078 0.113 0.113 0.073 0.117 0.117 
SD13 0.080 0.114 0.114 0.075 0.118 0.118 
SD14 0.080 0.115 0.114 0.074 0.117 0.117 
SD15 0.080- 0,114 0.114 0.076 0.119 0.118 
SD16 0.082 0.115 0.115 0.072 0,116 0.116 
SD 17 0.078 0.113 0.113 0.082 0.122 0.122 
SD18 0.078 0.113 0.113 0.082 0.123 0.122 
SD19 0.079 0.114 0.113 0.077 0.119 0.119 
SD20 0.079 0.114 0.113 0.077 0.119 0.119 
SD21 0.078 0.113 0.113 0.078 0.120 0.119 
SD22 0.078 0.113 0.113 0.080 0.121 0.121 
SD23 0.082 0.116 0.115 0.079 0.121 0.120 
SD24 0.078 0.113 0 113 0.083 0.123 0.123 
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Table 4.15: Coefficients of variation of resistances in group D (for non-ductile 
models) 
sample propped construction unpropped construction 
Vr 
t Vr ainx Vr t 
Vr 011ur 
SNI 0.067 0.117 0.117 0.067 0.117 0.117 
SN2 0.102 0.140 0.140 0.083 0.127 0.126 
SN3 0.117 0.151 0.151 0.103 0 140 0.140 
SN4 0.120 0.153 0.153 0.072 0.120 0.120 
SN5 0.116 0.1,51 0.150 0.109 0.145 0.144 
SN6 0,116 0.151 0.150 0.097 0.136 0.136 
SN7 0.117 0.151 0.151 0.099 0.138 0.137 
SN8 0.118 0'. 152 0.151 0.070 0.119 0.118 
SN9 0.119 0.153 0.152 0.071 0.119 0.119 
SNIO 0.070 0.119 0.119 0.071 0.119 0.119 
SNII 0.121 0.155 0.154' 0.089 0.131 0.130 
SN12 0.121 0.154 0.153 0.080 0.125 0.125 
SN13 0.117 0.151 0.151 0.089 0.131 0.130 
SN14 0.074 0.121 0.121 0.073 0.121 0.120 
SN15 0.117 0.152 0.151 0.070 0.119 0.119 
SN16 0.119 0.153 0.152 0.070 0.119 0.118 
SN17 0.119 0.153 0.152 0.086 0.129 0.129 
SN18 0.119 0.153 0.152 0.108 0.145 0.144 
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Table 4.16: Coefficients of variation of resistances in group D (for equilibrium 
method and linear interpolation) 
sample Equilibrium method linear interpolation 
Vrt 
- 
Vr 91, jr Vrt Vr 9jrLr CN1 0.07T 0.109 0.109 0.078 0.112 0.111 
CN2 0.075 0.110 0.109 0.079 0.113 0.112 
CN3 0.074 0.109 0.109 0.078 0.112 0.111 
CN4 0.074 0.109 0.109 0.074 0.109 0.109 
CN5 0.074 0.109 0.109 0.073 0.109 0,108 
CN6 0.075 0.110 0.109 0.079 0.113 0.112 
CN7 0.079 0.112 0.112 0.081 0.114 0.113 
CN8 0.078 0.112 0.111 0.080 0.113 0.113 
CN9 0.076 0,110 0.110 0.081 0.114 0.113 
CNIO 0.077 0.111 0 111 0.082 0.114 0.114 
CNII 0.083 0.115 0.115 0.072 0.107 0.107 
CN12 0.075 0.110 0.109 0.079 0.113 0.112 
CN13 0.074 0.109 0.109 0.073 0.108 0.108 
CN14 0.074 0.109 0.108 0.073 0.108 0.108 
CN15 0.073 0.109 0.108 0.073 0.108 0.108 
CN16 0.072 0.108 0.107 0.072 0.107 0.107 
CN17 0.074 0.109 0.109 0.071 0.107 0.107 
CN18 0.076 0.110 0.110 ý0.079 0.112 0.112 
CN19 0.079 0.112 0.112 0.073 0.108 0.108 
CN20 0.074 0.109 0.109 0.074 0.109 0.108 
CN21 0.075 0.109 0.109 0.071 0.107 0.107 
CN22 0.074 0.109 0.108 0.076 0.110 0.110 
CN23 0.072 0.108 0.108 0.071 0.107 0,107 
CN24 0.073 0.108 0.108 0.071 0.107 0.107 
CN25 0.079 0,112 0.112 0.074 0.109 0.108 
CN26 0.080 0.113 0.113 0.072 0.107 0.107 
CN27 0.081 0.114 0,114 0.071 0.107 0.107 
CN28 0.073 0.109 0.108 0.071 0.107 0.107 
CN29 0.080 0.113 0.112 0.071 0.107 0.107 
CN30 0.074 0.109 0,109 0.077 0.111 0.111 
CN31 0.073 0.108 0.108 0.072 0.107 0.107 
CN32 0.074 0.109 0.108 0.072 0.108 0.108 
CN33 0.081 0.114 0.113 0.072 0.108 0.107 
CN34 0.083 0.115 0,115 0.072 0.108 0.108 
CN35 0.072 0.108 0.108 0.072 0.107 0.107 
CN36 0.073 0.108 0.108 0.073 0.108 0.108 
CN37 0.072 0.108 0.108 0.072 0.107 0.107 
CN38 0.075 0.109 0.109 0,076 0.110 0.110 
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samples S13 and S14 (as given in Table 4-6) were larger than the top flanges. 
For group B, the tests collected were from five different research laboratories 
in three different countries: UK, U-S. A and Canada. These specimens are all of 
solid concrete slabs. It is not found that any of these specimens used lightweight 
concrete. The steel beam used for the specimen in sample H15 [48] was of larger 
bottom flange than the top. The rest of the specimens used steel beams with 
symmetrical sections, but, for beams in samples H5 and H6 [50], a cover plate 
(with the size given in Table 4.7) was attached to the steel bottom flange. 
The reported test data for specimens in samples H5 to H14 did not include 
the positions of the reinforcement, however, the theoretical values of rt calcu- 
lated from the simple plastic theory and measured material strengths have been 
presented for all the specimens [50]. From the design diagrams shown in [50], 
the reinforcement should be placed somewhere close to the middle layer of the 
slab depth. Assuming the reinforcement being just placed in the middle layer of 
the slab depth, the calculated results only differ from the reported values of rt 
by about 2% to 4%. It is then decided that the reported values of rt, as shown 
in Table 4.2, are directly used in determining the test corrections bV etc. 
while in the further calculations, the reinforcement for the samples from these 
specimens is assumed to be placed in the middle layer of concrete slabs. 
The test results in group C were obtained from six different laboratories in 
U. S. A and one in Australia. Fourteen out of all the specimens have 
lightweight 
concrete, with density (W, in Table 4.9) ranging from 17.0 to 18.5 
kN /M3 - Five 
specimens have solid slabs [52], and the others have profiled sheeting running 
transverse to the beam spans. The steel beam used in each of the specimens 
had 
a symmetrical section. 
The test data for beams with non-ductile shear connectors (group D) were 
from about twelve different laboratories in 
four different countries: U. K, U. S. A. 
Canada and Germany. Most of the specimens 
have lightweight concrete of density 
(W, in Table 4.11) from 16.5 to 19.5 kN/m 3. All the specimens were simply 
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supported and had steel beams of symmetrical section. 
Table 4.17: Partial safety factors for beams in groups A and B 
group A group B 
sample kd '7md 'ýa -yr, sample kd "Ymd ^fa N 
Si 3.202 0.979 1.064 1.207 HI 3.306 0.961 1.044 1.105 
S2 3.205 0.967 1.050 1.191 H2 3.313 0.952 1.035 1.095 
S3 3.208 0.955 1.038 1.177 H3 3.304 0.963 1.046 1.107 
S4 3.209 0.948 1.030 1,168 H4 3.309 0.958 1.041 1.102 
S5 3.206 0.964 1.048 1.188 H5 3.313 0.954 1.037 1.097 
S6 3.210 0.928 1,009 1.144 H6 3.313 0.953 1.036 1.096 
S7 3.206 0.919 0.998 1.132 H7 3.295 0.971 1.056 1.117 
S8 3.210 0.931 1.011 1.147 H8 3.299 0.968 1.052 1.113 
S9 3.210 0.930 1.010 1.146 H9 3.296 0.970 1.055 1.116 
SIO 3.208 0.956 1.039 1.178 HIO 3.290 0.976 1.061 1.122 
S11 3.207 0.957 1.040 1.180 HII 3.299 0.968 1.052 1.114 
S12 3.203 0.975 1.060 1.202 H12 3.295 0.972 1.056 1.117 
S13 3.200 0.977 1.062 1.204 H13 3.290 0.976 1.061 1.123 
S14 3.198 0.985 1.071 1.214 H14 3.299 0.968 1.052 1.113 
0.955 1.037 1.177 0.965 1.049 1.110 
s. d. (. s, ) 0.022 0.024 0.027 s. d. (s, ) 0.009 0.010 0.010 
In Tables 4.6 to 4.11, the values for material strengths are obtained from 
the measured results, while the geometric dimensions are generally the intended 
values in the designs. The entries for tf and bf in'the tables are dimensions of the 
steel top flanges. Under the titles hg, bf and tf, the bracketed values of S13 and 
S14 (their steel beams are not of symmetric sections) in Table 4.6 are the overall 
height of the steel section, breadth of the steel bottom flange and thickness of 
the bottom flange, respectively. 
In Tables 4.9 and 4.11, most of the values for E, were calculated from fc 
and W,, using equation (3.16). Furthermore, in these two tables, under "studs 
in shear span", the subheadings (1) and (2) give the number of cross-sections 
where there were one and two studs, respectively. Thus, for example, the 
beam 
of sample SD1 (see Table 4.9) would have 4+2x 10 = 24 studs 
in the shear 
span. Sample SD22 had six cross-sections at which there were three studs, as 
4.1 Results of calibration 76 
Table 4.18: Partial safety factors for beams in group C 
sample equilibrium method linear interpolation 
kd 'Ymd -Y, IYC 'Yv kd 7md ^/ a IYC 'Yv 
SD1 3.257 1.047 1.138 1.290 1.309 3.265 1.025 1.114 1.264 1.282 
SD2 3.258 1.047 1.137 1.290 1.308 3.266 1.025 1.113 1.262 1.281 
SD3 3.239 1.061 1.153 1.308 1.327 3.286 0.982 1.068 1.211 1.228 
SD4 3.257 1.047 1.138 1.290 1.309 3.265 1.025 1,114 1.263 1.282 
SD5 3.250 1.036 1.126 1.277 1.295 3.275 0.959 1.042 1.182 1.199 
SD6 3.250 1.040 1.130 1.281 1.299 3.279 0.962 1.045 1.186 1.203 
SD7 3.242 1.055 1.146 1.300 1.319 3.281 0.964 1.047 1.187 1.205 
SD8 3.249 1.027 1.116 1.266 1.284 3.281 0.958 1,041 1.180 1.197 
SD9 3.246 1.043 1.133 1.285 1.303 3.271 0.976 1.060 1.202 1.220 
SD10 3.246 1.046 1.137 1.289 1.308 3.282 0.962 1.045 1.185 1.202 
SDI1 3.249 1.040 1.130 1.281 1.300 3.274 0.960 1.043 1.182 1.199 
SD12 3.249 1.041 1.132 1.283 1.302 3.282 0.961 1.045 1.185 1.202 
SD13 3.245 1.047 1.138 1.291 1.309 3.278 0.960 1.043 1.183 1.200 
SD14 3.244 1.051 1.142 1.295 1.313 3.282 0.962 1.046 1.186 1.203 
SD15 3.245 1.045 1.136 1.288 1.307 3.274 1.000 1.086 1.232 1.250 
SDI6 3.241 1.058 1.150 1.304 1.323 3.287 0.976 1.060 1.202 1.219 
SD17 3.250 1.031 1.121 1.271 1.289 3.260 0.960 1.043 1.183 1.200 
SD18 3.250 1.031 1.121 1.271 1.289 3.260 0.960 1.043 1.183 1.200 
SD19 3.248 1.041 1.132 1.283 1.302 3.273 0.962 1.046 1.186 1.203 
SD20 3.248 1.041 1.132 1.283 1.302 3.273 0.962 1.046 1.186 1.203 
SD21 3.251 1.034 1.124 1.275 1.293 3.271 0.962 1.045 1.185 1.203 
SD22 3.251 1.035 1.125 1.275 1.294 3.266 0.964 1.048 1.188 1.205 
SD23 3.240 1.056 1.148 1.302 1.320 3.267 1.020 1.108 1.2-56 1.274 
SD24 3.251 1.027 1.116 1.266 1.284 3.258 0.961 1.044 1.184 1.201 
1.043 1.133 1 2-85 -1.304 0.976 1.060 1.202 1.219 
s. d. (sy 0.01L Lý010 1 0.012 1 0.012 
0.024 
, 
0.. 026 0.030 0.030 
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Table 4.19: Partial safety factors for beams in group D (applied to non-ductile 
models) 
sample propped construction unpropped construction 
kd 'Ymd 7a 'TC 'Yv kd 'Ymd 'Ta lye 'YV 
SNI 3.302 0.796 0.865 0.981 0.996 3.303 0.798 0.867 0.983 0.998 
SN2 3.223 0.791 0.860 0.975 0.989 3.264 0.777 0.844 0.957 0.971 
SN3 3.197 0.818 0.889 1.008 1.022 3.222 0.804 0.874 0.991 1.006 
SN4 3.193 0.823 0.894 1.014 1.028 3.289 0.766 0.832 0.943 0.957 
SN5 3.198 0.816 0.887 1.005 1.020 3.211 0.809 0.879 0.997 1.011 
SN6 3.198 0.816 0.887 1.006 1.020 3.234 0.798 0.867 0.983 0.998 
SN7 3.197 0.818 0.889 1.008 1.022 3.229 0.802 0.871 0.988 1.002 
SN8 3.196 0.819 0.890 1.009 1.024 3.295 0.774 0.841 0.954 0.968 
SN9 3.194 0.821 0.892 1.011 1.026 3.292 0.792 0.860 0.975 0.989 
SN10 3.293 0.795 0.864 0.980 0.994 3.293 0.794 0.863 0.978 0.992 
SN11 3.190 0.825 0.897 1.017 1.032 3.251 0.796 0.864 0.980 0.994 
SN12 3.191 0.825 0.896 1.016 1.031 3.270 0.788 0.857 0.971 0.985 
SN13 3.197 0.818 0.889 1.008 1.022 3.249 0.793 0.861 0.977 0.991 
SN14 3.286 0.791 0.860 0.975 0.989 3.286 0.790 0.858 0.973 0.987 
SN15 3.197 0.818 0.889 1.008 1.022 3.294 0.781 0.849 0.962 0.976 
SN16 3.194 0.821 0.892 1.012 1.026 3.295 0.766 0.832 0.944 0.958 
SN17 3.194 0.821 0.892 1.012 1.026 3.255 0.792 0.860 0.975 0.989 
SN18 3.194 0.821 0.892 1.012 1.026 3.212 0.811 0.882 1.000 1.014 
_ i 0.814 0.884 1.002 1.018 0.791 0.859 0.975 0.989 
s. d. (sy 0.014 0.015 0,018 0.018 0.017 1 
0.018 
. 
0.021 
. 
0.021 
4.1 Results of calibration 78 
Table 4.20: Partial safety factors for beams in group D (applied to equilibruim 
method and linear interpolation) 
sample equilibrium method linear interpolation 
kd 'Ymd 'Ya 
- 
IYC 7v kd 7md 'Ya 'Yc 7v 
CN1 3.185 1.010 1.09 7' 1.244 1.262 3.1-7-8 0.917 0.996 1.130 1.14-6 
CN2 3.184 1.013 1.101 1.249 1.267 3.176 0.919 0.999 1.132 1.149 
CN3 3.185 1.009 1.097 1.244 1.262 3.179 0.916 0.996 1.129 1.145 
CN4 3.185 1.009 1.096 1.243 1.261 3.186 0.898 0.975 1.106 1.122 
CN5 3.186 1.008 1.095 1.242 1.260 3.187 0.889 0.966 1.095 1.111 
CN6 3.184 1.012 1.100 1.247 1.265 3.176 0.921 1.001 1.135 1.152 
CN7 3.177 1.028 1.117 1.267 1.285 3.174 0.920 1.000 1.134 1.150 
CN8 3.178 1.026 1.115 1.264 1.282 3.175 0.920 1.000 1.134 1.150 
CN9 3.183 1.016 1.104 1.252 1.270 3.174 0.918 0.998 1.132 1.148 
CN10 3.180 1.023 1.112 1.261 1.279 3.172 0.925 1.005 1.140 1.156 
CN11 3.170 1.031 1.120 1.270 1.288 3.190 0.900 0.978 1.110 1.126 
CN12 3.184 1.013 1.100 1.248 1.266 3.176 0.918 0.998 1.132 1.148 
CN13 3.186 1.007 1.095 1.241 1.259 3.187 0.888 0.964 1.094 1.109 
CN14 3.186 1.006 1.093 1.240 1.257 3.187 0.891 0.968 1.097 1.113 
CN15 3.187 1.005 1.092 1.238 1.256 3.188 0.886 0.963 1.092 1.108 
CN16 3.189 0.994 1.081 1.225 1.243 3.190 0.867 0.942 1.068 1.083 
CN17 3.186 1.006 1.093 1.239 1.257 3.190 0.870 0.946 1.073 1.088 
CN 18 3.182 1.017 1.105 1.253 1,271 3.178 0.914 0.993 1.126 1.142 
CN19 3.177 1.002 1.089 1.235 1.252 3.188 0.871 0.946 1.073 1.088 
CN20 3.186 1.008 1.095 1.242 1.260 3.186 0.889 0.966 1.096 1.112 
CN21 3.184 1.010 1.097 1.244 1.262 3.190 0.898 0.976 1.106 1,122 
CN22 3,186 1.006 1.093 1.239 1.257 3.182 0.909 0.988 1.120 1.137 
CN23 3.188 0.998 1.085 1.230 1.248 3.190 0.878 0.954 1.082 1.098 
CN24 3.187 L002 1.089 1.235 1.253 3.190 0.877 0.953 1.081 1.096 
CN25 3.178 1.009 1.096 1.243 1.261 3.186 0.867 0.942 1.069 1.084 
CN26 3.175 1.013 1.101 1.248 1.266 3.190 0.870 0.945 1.072 1.088 
CN27 3.174 1,014 1.102 1.249 1.267 3.190 0.873 0.949 1.076 1.092 
CN28 3.187 1.005 1.092 1.238 1.256 3.190 0.878 0.954 1.082 1.098 
CN29 3.176 1.015 1.103 1.251 1.269 3.191 0.870 0.946 1.073 1.088 
CN30 3.186 1.007 1.095 1.241 1.259 3.180 0.912 0.991 1.124 1.140 
CN31 3.188 1.000 1.086 1.232 1.250 3.190 0.874 0.950 1.077 1.092 
CN32 3.186 1.003 1.090 1.236 1.254 3.188 0.870 0.945 1.072 1.087 
CN33 3.174 0.990 1.076 1.220 1.237 3.189 0.889 0.966 1,096 1.111 
CN34 3.171 1.029 1.118 1.268 1.286 3.189 0.873 0.948 1.075 1.091 
CN35 3.189 0.996 1.083 1.228 1.246 3.190 0.872 0.948 1,075 1.091 
CN36 3.187 1.004 1.091 1.238 1.256 3.187 0.889 0.967 1.096 1.112 
CN37 3.188 0.999 1.086 1.231 1.249 3.190 0.880 0.957 1.085 1.100 
CN38 3.184 1 1 . 012 1.099 
1.247 1.265 1 
3.183 0.899 0.977 1.108 1.124 
_ _ 1.010 1.097 1.244 1.262 0.893 0.970 1.100 1.116 
s. d. (s, ý ) 0.009 
0.010 0.011 0.012 0.019 0.021 0.024 0.025 
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Table 4.21: Group C- failure probabilities and design fractile-factors of design 
resistances with given safety factors 
Equilibrium method Linear interpolation 
7a = 1-10 ^ja =1 .05 ^/a = 1-10 7" = 1.05 
Sample -jc = 1.25 jc = 1.25 ý/c = 1.25 7c = 1.25 
7v = 1.25 *-fv = 1.25 7v = 1.25 7v = 1.25 
kd p fX 103 kd Pf X 10' kd p fX 103 kd Pf X 103 
SDI 2.934 3.14 2.597 8.03 3.134 1.84 2.792 4.84 
SD2 2.938 3.11 2.601 8.01 3.142 1.80 2.799 4.76 
SD3 2.814 4.17 2.487 9.91 3.517 < 1.2 3.175 
-1.74 SD4 2.934 3.14 2.596 8.08 3.135 1.84 2.793 4.82 
SD5 3.013 2.42 2.729 5.62 3.690 < 1.2 3.481 < 1.2 
SD6 3.985 2.62 2.697 6.15 3.674 < 1.2 3.449 < 1.2 
SD7 2.864 3.67 2.544 8.84 3.669 < 1.2 3.429 < 1.2 
SD8 3.091 1.98 2.804 4.44 3.721 < 1.2 3.495 < 1.2 
SD9 2.970 2.73 2.662 6.72 3.538 < 1.2 3.237 1.36 
SDIO 2.936 3.03 2.627 7.30 3.691 < 1.2 3.375 < 1.2 
SDI1 2.990 2.57 2.692 6.22 3.690 < 1.2 3.477 < 1.2 
SD12 2.971 2.74 2.676 6.52 3.690 < 1.2 3.456 < 1.2 
SD13 2.928 3.10 2.616 7.49 3.693 < 1.2 3.415 < 1.2 
SD14 2.898 3.36 2.584 8.10 3.684 < 1.2 3.442 < 1.2 
SD15 2.946 2.93 2.634 7.16 3.341 < 1.2 3.034 2.43 
SD16 2.838 3.90 2.515 9.39 3.578 < 1.2 3.243 1.41 
SD17 3.065 2.13 2.777 4.85 3.655 < 1.2 3.479 < 1.2 
SD18 3.064 2.14 2.775 4.87 3.656 < 1.2 3.480 < 1.2 
SD19 2.976 2.68 2.674 6.52 3.662 < 1.2 3.446 < 1.2 
SD20 2.976 2.68 2.674 6.52 3.662 < 1.2 3.446 < 1.2 
SD21 3.028 2.34 2.749 5.31 3.655 < 1.2 3.455 < 1.2 
SD22 3.021 2.38 2.744 5.40 3.620 < 1.2 3.435 < 1.2 
SD23 2.857 3.72 2.532 9.02 3.173 1.66 2.855 3.96 
SD24 1 3.092 1 1.99 1 2.827 1 
4.13 3.637 < 1.2 3.474 1.2 
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Table 4.22: Group D- failure probabilities and design fractile-factors of design 
resistances with given safety factors (applying equilibrium method and linear 
interpolation) 
Equilibrium method Linear interpolation 
= 1.10 -f,, = 1.05 7a = 1-10 7z, = 1.05 
Sample 7, = 1.25 -y, = 1.25 -y, = 1.25 -y, = 1.2 5 
-Y, = 1.2 5 -Y, = 1.25 7, = 1.25 -Y, = 1.25 
kd Pf X 10, kd Pf X 10 3 kd Pf X 10 3 kd Pf X 10, 
CNI 3.187 < 1.20 2.851 3.33 4.043 < 1.20 3.676 < 1.20 
CN2 3.152 1.37 2.809 3.72 4.020 < 1.20 3.644 < 1.20 
CN3 3.189 < 1.20 2.854 3.31 4.050 < 1.20 3.683 < 1.20 
CN4 3.192 < 1.20 2.857 3.28 4.276 < 1.20 3.894 < 1.20 
CN5 3.199 < 1.20 2.866 3.20 4.372 < 1.20 4.028 < 1.20 
CN6 3.165 1.31 2.825 3.58 3.994 < 1.20 3.620 < 1.20 
CN7 3.023 2.00 2.661 5.76 4.007 < 1.20 3.617 <- 1.20 
CN8 3.045 1.88 2.686 5.37 4.010 < 1.20 3.621 < 1.20 
CN9 3.132 1.46 2.785 3.94 3.971 < 1.20 3.592 < 1.20 
CNIO 3.067 1.77 2.710 4.99 3.953 < 1.20 3.571 < 1.20 
CNII 3.000 2.08 2.769 3.98 4.251 < 1.20 3.880 < 1.20 
CN12 3.160 1.33 2.819 3.63 4.027 < 1.20 3.652 < 1.20 
CN13 3.206 < 1.20 2.874 3.13 4.385 < 1.20 4.016 < 1.20 
CN14 3.219 < 1.20 2.890 2.98 4.353 < 1.20 3.974 < 1.20 
CN15 3.228 < 1.20 2.901 2.87 4.399 < 1.20 4.022 < 1.20 
CN16 3.322 < 1.20 3.021 2.08 4.609 < 1.20 4.330 < 1.20 
CN17 3.322 < 1.20 2.894 2.94 4.575 < 1.20 4.273 < 1.20 
CN18 3.124 1,50 2.775 4.04 4,079 < 1.20 3.706 < 1.20 
CN19 3.240 < 1.20 2.942 2.47 4.547 < 1.20 4.281 < 1.20 
CN20 3.200 < 1.20 2.868 3.19 4.363 < 1.20 4.019 < 1.20 
CN21 3.187 < 1.20 2.851 3.33 4.2,83 < 1.20 3.909 < 1.20 
CN22 3.186 < 1.20 2.896 2.92 4.127 < 1.20 3.774 < 1.20 
CN23 3.285 < 1.20 2.977 2.33 4,488 < 1.20 4.174 < 1.20 
CN24 3.252 < 1.20 2.932 2.61 4.506 < 1.20 4.190 < 1.20 
CN25 3.181 < 1.20 2.880 3.00 4.574 < 1.20 4.321 < 1.20 
CN26 3.143 1.37 2.833 3.42 4.569 < 1.20 4.287 < 1.20 
CN27 3.137 1.39 2.822 3.51 4.539 < 1.20 4.245 < 1.20 
CN28 3.228 < 1.20 2.86 2.93 4.491 < 1.20 4.174 < 1.20 
CN29 3.124 1.46 2.812 3.62 4.576 < 1.20 4.279 < 1.20 
CN30 3.206 < 1.20 2.874 3.13 4.096 < 1.20 3.734 < 1.20 
CN31 3.274 < 1.20 2.964 2.39 4.531 < 1.20 4.235 < 1.20 
CN32 3.243 < 1.20 2.925 2.66 4.562 < 1.20 4.266 < 1.20 
CN33 3.352 < 1.20 3.030 1.94 4.365 < 1.20 4.012 < 1.20 
CN34 3.012 2.02 2.729 4.57 4.537 < 1.20 4.236 < 1.20 
CN35 3.302 < 1.20 3.001 2.19 4.542 < 1.20 4.257 < 1.20 
CN36 3.231 < 1.20 2.906 2.83 4.362 < 1.20 4.020 < 1.20 
CN37 3.279 < 1.20 2.969 2.37 4,468 < 1.20 4.148 < 1.20 
CN38 
_ý. 
166_ 1_ 1.31 2.827 1 3.56 , 4.250 1 :51.20 1 
3.892 < 1.20 1- 
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indicated by (6) in Table 4.11, and five cross-sections of two studs. The heading 
"drs" means the direction of the rib span (direction of profiled sheeting), and 
"T" indicates the rib runs transverse to the beam span and "S" means solid slab 
(i. e. no rib and sheeting). 
No reported value of Ea was found from the data of most specimens. So, as 
considered in Section 3.2-31 Ea= 210 kN/mm 2 has been assumed in calculation 
for those specimens and samples in group D. 
Using data shown in Tables 4.1 to 4.5, the correlation coefficient p, the mean 
correction b and the coefficient of variation V6 have been calculated for beams 
represented by each of the test groups, as shown in Table 4.12. 
Table 4.13 gives the calculated coefficients of variation, V, for each of the 
beam samples from test groups A and B, together with V, and The same 
coefficients for beams in groups C and D are shown in Tables 4.14 and 4.15. 
Table 4.16 also presents the coefficients of variation for beams in group D, but 
the resistance functions used are those originally developed for beams in group 
C (i. e. the equilibrium method and linear interpolation) [1]. 
The partial safety factors determined with respect to the target safety margin 
Pf - 0.0012 for the beam samples in each group are presented in Tables 4.17 to 
4.20, where, "mean (J)" means the averaged values of the safety factors for all 
beam samples in the group, and "s. d. (s-, )" stands for the standard deviation for 
the safety factors obtained. The design fractile-factors kd listed in these tables 
are those corresponding to the failure probability, Pf - 0.0012. 
In order to investigate the reliability of the design formulae with the given 
safety factors and the effect of changes in safety factors, the failure probability, 
with 75% confidence level, has been calculated for the design resistances of beams 
with partial shear connection. The equilibrium method and linear interpolation 
are taken as the investigation objectives. The calculations are made with respect 
to two conditions: (1) the Eurocode values of safety factors [1] are used: -ý, ' = 1.10, 
-/, = 1.25, and -ý, = 1.25; (2) a smaller value of -ya is used: ^/a =1.05, -y, = 
1.25, 
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and -ý, = 1.25. Tables 4.21 and 4.22 present the obtained resultsi where the 
design fractile-factors corresponding to the given safety factors are also shown. 
4.2 Reliability assessment of design bending re- 
sistances in Eurocode 4 
4.2.1 Correlation and variation of the resistances 
It can be seen from Tables 4.1 to 4.5 that, for each of the groups, the ratio of the 
experimental resistances to the predictions made with the measured (in principle) 
basic variables, denoted rei/rti for a specimen, varies within a narrow range. Such 
variations may be plotted against the experimental bending resistances, as shown 
in Figures 4.1 and 4.2 (where notation b stands for the ratio r, i/rti). 
ýo 1. 
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Figure 4.1: Ratio of experimental resistances to the theoretical predictions of 
beams with full shear connection 
As a result, the small variation of r,, i/rti has led to low values of V6 and high 
values of p for each of the groups, as shown in Table 4.12. 
For beams with full shear connection and ductile partial shear connection, i. e. 
4.2 Reliability assessment of design bending resistances in Eurocode 4 
1.8- 
1.6- 
1.4 - ca 
1.2- 
1- 
0.8- 
0 
3- 
2.5- 
0 2- 
cc 
........... I Group, C! ..... b for. linear interpolation -ý............................... 
................... ............ x- for-the equilibrium. method -- 
.................. ...... .......... I ................. 
..................... 
............... ...... .......... X*I. I., ............................... - 
500 1000 
Experimental bending resistances (kN-m) 
1500 
Group D: 0 --- for non-ductile models 
................................ f6r'linear'i`nterp*oI'ati'on'' ....... 
+ for the eqqilibrium metfiod ............... ................ t ...... I ......... ........... I ................... ............... 
........... Q ol. -I II... .......... ............ X: 0 to Q 
++ +)K 
........... .......... 
*++* 
... ....... ..... 
t. 
- 
0 200 400 600 800 1000 1200 
Experimental bending resistances (kN-m) 
83 
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beams with partial shear connection 
beams in groups A, B and C, the test data shows that the predicted resistances are 
correlated to the actual resistances to a remarkably high level, all providing p> 
0.99 (Table 4.12), which suggest that the theoretical models adopted by Eurocode 
4 [11 for these types of beams are well related to the structural behaviours. 
For beams with non-ductile shear connectors (group D), the results in Table 
4.12 show that either the ductile models (the equilibrium method and linear inter- 
polation) or non-ductile models (equation (3.19)) can also be judged to correlate 
to the real resistances satisfactorily, since p still ranges from 0.959 to 0.973. How- 
ever, one may notice that b (- 1.409) for the non-ductile model is considerably 
higher than the values for the other models (ranging from 1.054 to 1.218). It is 
thus expected that the resistance function (3.19) would be verified as being more 
conservative than the other models. 
Being consistent with the small variation of r, i/rti, all the values of V6 obtained 
for the test groups are less than 10%, and are regarded to be quite low. This, 
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from another point of view, implies that the prediction based on the models are 
fairly proportional to the real resistances. It is interesting to see that the values 
of V6 for each group are fairly consistent. The average value of all V6 presented in 
Table 4.12 is about 0.085 which differs from the maximum value of V6 (= 0.095) 
by only 8.5%. 
In one word, it is judged that, compared with the accepted criterion (p 
0.9) [33], the Eurocode models for composite beams in bending are sufficiently 
correlated to the real structural resistances. 
From Tables 4.13 to 4.16, one can also see that, except for the non-ductile 
models (Table 4.16), within the same group, the coefficients of variation of theo- 
retical resistances, V, for the samples appear very consistent. The range of V, 
lobtained for the samples in groups A, B and C is summarized as follows, 
- 0.085 - 0.090 in group A; 
a-V, = 0.072 - 0.080 in group B; 
- V,, = 0.075 - 0.082 and 0.072 - 0.083 in group C for the equilibrium 
method and linear interpolation, respectively. 
Therefore, the representative value of V, for these groups may be taken as 
equal to the averaged value of V6, i. e. V, = V8 = 0.085. Thus, from equation 
(3.24), the representative value of V, for beams in groups A, B and C may be 
regarded as 0.120. 
4.2.2 Safety margin underlying the recommended safety 
factors in Eurocode 4 
Using coefficients of variation of basic variables given in Appendix B and data in 
Tables 4.6 to 4.12, the partial safety factors for the beam samples from each test 
group have been determined with respect to the target safety level: Pf = 0.0012, 
as shown in Tables 4.17 to 4.20. lt can be seen from these tables that the safety 
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factors determined for beams with different dimensions and material strengths 
appear quite consistent with each other. The variations of the model factors for 
each group are ranged as follows, 
Ymd : 1-- 0.919 - 0.985 in group A (sagging bending with full shear connec- 
tion); 
- 'Ymd = 0.952 - 0.976 in group B (hogging bending with full shear connec- 
tion); 
- in group C (sagging bending with ductile partial shear connection), 'Ymd : -"::: 
1.031 - 1.061 and 0.958 - 1.025 for the equilibrium method and linear 
interpolation, respectively; 
- in group D (sagging bending with non-ductile partial shear connection), 
'ýmd ': --0.791 - 0.825 and 0.774 - 0.809 for non-ductile models consid- 
ering propped construction and unpropped construction, respectively; 
'Tmd 0.994 - 1.031 and 0.867 - 0.921 for the equilibrium method 
and linear interpolation, respectively. 
As discussed in Section 2.2.3, corresponding to the safety factors used in 
Eurocode 4 (see equation (2.59)), the model factor can be generally regarded 
as 1.012, so, comparing the calibrated 'Ymdwith this value, the safety margins 
provided by the safety factors adopted in this code can be assessed. 
Therefore, based on^fmdcalibrated for the samples from each group, the safety 
level of using the partial safety factors given in Eurocode 4 for designing bending 
resistances of composite beams can be judged as follows. 
9 Sagging and hogging bending with full shear connection (groups 
A and B) Using the safety factors given by code [1], a safety margin greater 
than that required can be achieved. With respect to the highest value of 
7md obtained in the two groups, the code values of the safety factors could 
be reduced by about 3%; 
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* The equilibrium method for beams with ductile partial shear con- 
nection (group C) As can be seen, the highest value of the calibrated 
^Ymd appears higher than 1.012 by 4.8%, which means that the safety mar- 
gin achieved would be smaller than that required. So, application of the 
equilibrium method to the beams gives Pf > 0.0012 and, for this model, 
the safety factors in the code [11 may need to be increased by about 4.5%. 
Nevertheless, as introduced in Section 2.1.1, Pf = 0.0012 is originally de- 
termined from the safety index ý=3.8 and the sensitivity factor a, = 0.8; 
according to the discussion in [33], 0=3.8 can be regarded as an average 
value defined for all the sub-sets of a resistance, and, for the most un- 
favourable sub-set, 0 may be reduced by 0.5. Therefore, taking 0=3.3, it 
can be obtained from equations 2.15 and 2.16 that Pf = 4.15 x 10-3 . The 
failure probability Pf corresponding to the given safety factors have been 
calculated for beam samples from group C, as shown in Table 4.21. It can 
be seen from Table 4.21 that in using the equilibrium method with safety 
factors, 7a = 1.10 and 7, = -yv = 1.25, even the highest value of Pf for 
the beam samples is only 4.17 x 10-3 (sample SN3). Therefore, the safety 
factors of Eurocode 4 may be still considered as acceptable when using the 
equilibrium method for beams in group C. 
* Linear interpolation for beams with ductile partial shear connec- 
tion (group C) Based on the code values [1] for the safety factors, the 
safety obtained from using this model could be lower than the target level, 
as the highest value (1.025) of the calibrated7ind for this model is higher 
than 1.012. However, as shown in Table 4.18, the calibration on most of 
the beam samples leads to atmd lower than 1.012, and the highest value of 
the calibrated7md is only higher than 1.012 by about 1%, In Table 4.21, it 
is shown that, when the safety factors given in the code [1] are used, only a 
few of the beams samples in group C have failure probabilities greater than 
the target value A=0.0012 (the highest one is only 0.00184), Hence, it 
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is concluded that application of linear interpolation with the safety factors 
given in code [1] can achieve sufficient safety margin. 
e Non-ductile models for beams with non-ductile shear connection 
(group D) As expected from the high value of b, the calibration of the 
safety factors shows that, if the safety factors given in the code [1] are used, 
then the resistance function (3-19) appears over- conservative. Taking the 
highest value of the calibrated^ýmdi 0.825, into account and regarding Pf = 
0.0012 as the target safety level, application of (3.19) to beams in group D 
would allow the values of safety factors in Eurocode 4 to be decreased by 
about 20%. 
e Ductile models for beams with non-ductile shear connection (group 
D) In order to explore more reasonable models for beams with non-ductile 
connectors, the equilibrium method and linear interpolation were also cal- 
ibrated for this type of beams; the results are given in Table 4.20. It is 
interesting to see that, using the linear interpolation approach, the model 
factors determined for all the samples appear lower than "Ymd = 1.012, while 
for the equilibrium method, only a few of the samples obtained ^ý. d slightly 
higher than 1.012 (the highest one is 1.031, greater than 'Ymd = 1.012 by 
1.9%). The failure probabilities corresponding to the safety factors spec- 
ified by the code [11 for these situations are shown in Table 4.22, which 
shows that only a few of the samples reach a failure probability higher than 
Pf = 0.0012 (the highest one is only Pf = 0.0021). Hence, either the equilib- 
rium method or linear interpolation approach may be considered 
for beams 
with non-ductile shear connectors. 
In summary, it is recognized that, using the Eurocode values 
for -y,,, j, 7s and 
-ý, [1], the resistance functions in the code for beams with 
full shear connection 
and ductile partial shear connection (groups A, B and 
C) are good models, which 
provide design with sufficient safety margin and appear not over- conservative. 
4.2 Reliability assessment of design bending resistances in Eurocode 4 88 
For beams with non-ductile shear connectors, the design based on the models 
and safety factors recommended by the code would be conservative. 
4.2.3 ApplicabilitY of calibration results to Eurocode 4 
It is obvious that, as shown in Tables 4.1 to 4.11, the data used in the analysis 
cannot cover the full range of the many relevant situations within the scope of 
Eurocode 4. Briefly speaking, this calibration only covers the reliability of plastic 
bending resistances of symmetrical T-composite beams with welded stud shear 
connection. 
In general, the calibration has resulted in favourable comments on the design 
models of Eurocode 4 for bending resistances of composite beams, but these 
reliability analyses are based on 
(1) the limited quantity and range of test data; 
the reported values of coefficients of variation for the basic variables (Table 
B. 1), which were based on observations in rather few countries. 
Besides the coefficients of variation of the basic variables, the most relevant 
effects for the calibration of the test data are considered as the size of specimen 
sections, the degree of shear connection, the beam span and the grade of concrete 
(i. e. lightweight or normal weight), which are discussed as follows. 
Tables 4.1 to 4.5 show that, among the collected test data, few specimens 
are as large as some composite beams used in practice; taking the experimental 
results as the measurement, in group A, only two of the 27 sections had measured 
bending resistances exceeding 800 kN-m, while, in groups B and C, such sections 
are only counted as one of 21 and five of 26, respectively. For group D, the 
measured bending resistances range fairly uniformly from 139 kN-m to 1071.8 
kN-m, but only two of the 48 sections had the measured bending resistances 
exceeding 1000 kN-m. 
S 
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As shown in Figures 4.1 and 4.2, no clear evidence can be statistically drawn 
so far that larger beams would have r/rt smaller (where, r and rt stand for the 
real resistance and the predicted resistance, respectively), and the calibration 
would then present less favourable results. However, to assess the reliability for 
the larger beams, more relevant test data are needed for the analysis, as the larger 
beams may need to be treated as different sub-sets [33]. In practice, very large 
composite beams are common in bridge structures, but not for buildings, so, it 
is considered that the results obtained in this study can normally be applicable 
to composite beams in buildings. 
One can see from Tables 4.3 to 4.5 that the degree of shear connection for 
beams in groups C and D varies from 0.465 to 0.942 and 0.086 to 0.537, respec- 
tively. These ranges are fairly complete for beams with partial shear connection 
in practice. However, it is realized that few beam specimens in groups C and 
D had long span (only one specimen in group C and three in group D had the 
spans longer than 10 in). As considered in the design code [1], when the beam 
spans become longer, the shear connectors could be less ductile and, in turn, the 
bending resistances could be less safe. Therefore, although the calibration has 
suggested conservatism in the method of Eurocode 4 for beams with non-ductile 
connectors, more experimental results on the beams with longer spans should be 
studied before the modification is made. 
It has been indicated in Section 4.1 th at many specýmens in groups C and D 
were made of light-weight concrete. The ratio of the experimental resistances to 
the predicted results, r, i/rti, for the specimens has been plotted against density of 
concrete: figures 4.3 and 4.4 shows the results for the resistance functions adopted 
in Eurocode 4. From the Figures, for the beams with light-weight concrete (ap- 
proximately, W, :5 18 kN /M 
3)1 the ratios rei/rti seem, in terms of trend, slightly 
higher than those for beams with normal weight concrete (W, 11-0 23 kN/m 
3) 
. 
This 
is perhaps because when light-weight concrete is used, the Young's modulus of 
concrete becomes lower (equation (2.16) and, from the Eurocode formula (equa- 
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tion (2.12), the strength of shear connection could be slightly underestimated. 
However, as shown in the figures, this variation (if any) is far from significant, 
and it can be still considered that the variation of the ratio r, i/rti is uniform for 
specimens over the full range of concrete density. 
It has been shown that the resistance functions for plastic bending resistances 
of beams with full shear connection [1,61] are well established. In these resistance 
functions (see Section 3.2.1 and Appendix C), the density of concrete is not related 
to the resistances of the beams with full shear connection (as guided by the codes 
[1,81, even the compressive strength of concrete need not to be modified when 
the concrete has light-weight density), therefore, it is considered that, although 
few test specimens in groups A and B have light-weight concrete, the calibration 
results are still suitable for the beams with full shear connection and light-weight 
concrete. 
So, in summary, the calibration results are applicable to beams with either 
light-weight concrete or normal weight concrete. 
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density (group D) 
Most of the specimens in group C and D had profiled sheeting running trans- 
verse to the beam span (see Tables 4.9 and 4.11, only three samples from five 
specimens in group C had solid slabs), so there may be more confidence in ap- 
plying the calibration results to beams with transverse sheeting. However, in 
practice, the normal reason of using partial shear connection is probably that the 
areas for placing studs are limited, while the main cause for such limited area 
is use of the transverse sheeting. In other words, it is likely that, in practice, 
most of beams with partial shear connection are those with transverse sheeting. 
Therefore, it is believed that the calibration made so far for beams in groups C 
and D is of significance for the common situations. 
Apart from the properties of test specimens, another major influence on the 
calibration results is the evaluation of coefficients of variation for the basic vari- 
ables. As indicated in Appendix B, it is very difficult to obtain comprehensive 
data for these parameters; the current analyses have to rely on the reported re- 
sults given in Table B. I. The calculations show that the major contribution 
to 
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V, is normally from the coefficients of variation of basic variables for steel beams, 
including those for the dimensions and strength. 
For the linear dimensions of a steel cross-section, the feasibility of using the 
values given Table B. 1 has been checked [62]. However, due to lack of information, 
it is still difficult to discover the relationship between coefficients of variation for 
the linear dimensions of a steel cross-section and those for its AaiW,,, etc. 
As an illustration, considering Aa of a rolled steel section, this variable is 
approximately given by 
Aa= habf - (ha - 2tf)(bf - t, ) 
where the notation is as shown in Figure 3.1. 
Assuming that h, bf, tf and t, are independent random variables with the 
same coefficient of variation V, then, using equation (2.28), it can be shown for 
a typical steel section (254 x 146UB31 ) that VA,, = 1.031V r-%d V. 
If, however, assuming that h, bf, tf and tw were all proportional to a single 
variable A of coefficient of variation, V, such that h,, = haAj bf = NA, tf 
and t, A, then it can be shown that VA,,, =2V. 
Therefore, if ignoring the other factors (e. g. the fillet between the web and 
flanges) VA,, could be a value between V and 2V. 
Use of different values of VA, Vw, etc. has considerable effects on the cali- 
bration results. For example, if assuming V=0.04 and VA,, = 2V = 0.08 and no 
changes in the other parameters, it can be calculated for beam samples in group 
A that the highest value Of 7irnd would be increased to 1.035; compared with the 
highest ^/md for group A (0.985) in Table 4.17, this value is greater by 5%, so Ita 
could be increased from 1.05 to 1.05 x 1.05 = 1.10. 
This study adopted VA. = 
VWa 
= 
VIa 
= 0.04 (Table B. 1). These values are 
thought to be well established with respect to many factors, rather than the above 
simplified situation. Nevertheless, a check of these values should still be made 
when sufficient information becomes available. 
Another important coefficient of variation for a steel beam is Vf,. The effect of 
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this parameter on calibration results is of particular interests, as studied below. 
4.3 Use of reduced -y,, -value 
As commented in [40], "some members of CEN chose to use values of 7, for 
structural steel, that differ from the value 1.10 recommended in EC3 and ECV. 
Therefore, further study of the effects on calibration of'changes in 7,, and in the 
most relevant coefficient of variation, Vf,, is carried out. 
4.3.1 Effect of decreasing Vfy on calibration 
In order to reveal the effect of using smaller value for Vfy, the safety factors have 
been re-calibrated for all the groups of beams, with VfY reduced from 0.08 to 0.04 
while the other parameters are not changed. The averaged values (ý) of safety 
factors so obtained for samples in groups A, B and C are listed in Table 4.23, 
corresponding to the title "case (2)". In the same table, corresponding to the 
title "case (1)" are the ý-values presented in Tables 4.17 and 4.18 (which are 
based on Vfy = 0.08). 
lt is noted here that 
as shown in Tables 4.17 to 4.20, the scatter of the calibrated safety factors 
in a group is very small, so the averaged values can satisfactorily represent 
all the results for the beams in the group; 
(2) to simplify the presentation, the following discussion is made using results 
for groups A, B and C only; the analysis is also applicable to beams in 
group 
Comparing the results in "case(2)" with "case(l)", it is noticed that, based on 
the same target safety level, Pf = 0.0012, the calibrated safety factors are higher 
when Vf, is decreased. This seems strange, as lower Vf, means less uncertainty 
in the basic variable fy and, therefore, the calibration results should be more 
favourable. Now, further analysis is presented. 
I 
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First of all it is evident from equations (2.28) that, in absence of other changes, 
reduction of the coefficient of variation of a basic variable would result in smaller 
values of V, and, therefore) 071nr - 
equation (2.31), it can be defined 
rd 
W 
9R(Xpi Xg) 
For the design resistance determined from 
b exp(-kdglnr - 
0.5u, 2nr) (4.2) 
where cFl,,, and kd are functions of V, (see equations (2.24), (2.29) and (2.32)). 
Thus, using the known test corrections, b, V6, etc., the variation of w against 
V, for beams in groups A, B and C can be shown in Figure 4.5. In this figure, 
Vrt stands for Vrt. 
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Figure 4.5 shows that, when V, is reduced, using unchanged mean values of 
the basic variables and the same target safety level, an higher design resistance 
(but not lower safety factors) can be calibrated from equation 
(2.31). This con- 
firms that reduction of coefficient of variation of any basic variable does improve 
4.3 Use of reduced7a-value 
$ 
the overall safety margin for the design resistance. 
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However, since the base of calibration in case (2) is same as that in case (1) 
except for Vf, - 0.04 rather than 0.08, the fractile-factor k, " for the characteristic 
strength of steel, fyk is 2.00 for both the calibrations. According to equation 
(2.34), reduction in Vf, would then increasefyk; with respect to the situations 
studied here, when Vfy is decreased from 0.08 to 0.04, for the same mean strength 
fy , fykwould then be increased from 0.85fy to 0.92fy. This would in turn increase 
the design resistance rd given in (2.33). Therefore, applying equation (2-56), 
higher values of the safety factors may be obtained. 
The above analysis shows that, if improvement of the quality control in steel 
production enables a lower value of W, to be used and the characteristic strength 
of fy is still specified by the old fractile-factor (i. e. k,,, = 2.00 always), then the 
benefit of using the steel beams with better quality in structural design would be 
appear in the use of a higher fyk, rath& than lower safety factors. 
If, however, when Vf, becomes lower than the current accepted value, 0.08, 
no changes are made to either mean value or characteristic value of fy, then 
for Vf, == 0.04, fyk is kept as 0.851y,. Assuming no changes in all the other 
parameters and still using equations (2.49) and (2.54) to determine the material 
factors, the safety factors for the beams can be calibrated again; the results for 
groups A, B and C are shown in Table 4.23, corresponding to the title "case (3)". 
Now, one can see that, compared with "case (1)" (Vf, == 0.08), 7,, is decreased 
for each group by about 4- 5%, while changes in the other safety factors are 
negligible, which shows that, in absence of the other alterations, if the mean and 
characteristic strengths of steel are not changed when the coefficient of variation 
Vf, is decreased, the favourable effect can be embodied in the adoption of a lower 
-/, a-value. 
Extending the above analysis, it is inferred that, if the coefficient of variation 
of a material strength is reduced, and the mean and characteristic values of its 
strength, as well as the other factors, are not changed, then the relevant safety 
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Table 4.23: Effect of Vf, on safety factors 
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group A group B group C 
-- equilibrium method 
1ý inear interpolation 
ýa 'YC 'Ya ýa -yC !a 7C IV 
case 
Vf, = 0.08 1.037 1.177 1.049 1.110 1.133 1.285 1.304 1.060 1.202 1.219 
fyk = 0.85fy 
case (2) 
Vf, 0.04 1.047 1.237 1.068 1.179 1.153 1.362 1.382 1.081 1.278 1.296 
fyk 0.92fy 
case (3) 
Vfy 0.04 0.982 1.161 0.999 1.102 1.084 1.281 1.300 1.022 1.208 1.220 
fyk 0.85fy 
, I I I I I I I 
factor can be reduced for the design; however, if an higher characteristic strength 
of the material is used when its coefficient of variation becomes smaller, use of 
lower safety factors may reduce the safety. 
Table 4.24 shows the maximum and minimum values of failure probabilities of 
the design resistance obtained for beam samples in group C, based on the given 
safety factors and the cases studied above. It can be seen that, for "case (2)", as 
fykhas been increased to 0.92fy (= expl-2.0 x 0.04 - 0.5 x 0.04'}fy), although 
VfY is 0.04, corresponding to the same safety factors, Pf appears even higher than 
that associated with Vf, = 0.08 ("case (1)"). By contrast, for "case (3)", since 
the valueOf fyk is same as that in "case (1)", the reduction of Vfy, as expected, 
leads to lower A than that in "case (1)". 
4.3.2 Effect of reduction in -y,,, on failure probabilities 
Tables 4.21 and 4.22 show failure probabilities for the equilibrium method and 
linear interpolation, using different safety factors. It can be seen that, in absence 
of the other changes, when 7,, is reduced from 1.10 to 1.05, the failure prob- 
ability Pf underlying the design resistances is considerably increased; applying 
the equilibrium method to beams in group C (Table 4.21), the maximum failure 
4.3 Use of reduced -y,, -value 97 
Table 4.24: Effect of change of 7a on failure probabilities in group C 
Equilibrium metho-d - linear interpolation 
-Y, 1.10 7a 1.05 -Ya 1-10 1.0 5 
1.2 5 -t, 1.2 5 -y, 1.2 5 1.2 5 
-Y, 1.2 5 -Y, 1.2 5 -Y, 1.25 1.2 5 
Pf, min Pf, max -Pf, min 
Pf, max Pf'Min Pf, max Pf, min Pf, max 
case (1) 
vfy - 0.08 0.0020 0.0042 0,0041 0.0099 < 0.0012 0.0018 < 0.0012 0.0048 
fyk = 0.85fy 
case (2) 
Vfy = 0.04 0.0042 0.0096 0.0095 0.0234 < 0.0012 0.0038 0.00123 0-00107 
fyk = 0.92fy 
case (3) 
Vf, = 0.04 < 0.0012 0.0016 0.0022 0.0046 < 0.0012 < 0.0012 < 0.0012 0.0017 
fyk = 0.85fy I I I I I I I I--I 
probability found for the samples reaches 0.0099 when -/,, = 1.05 is used. Even 
for the linear interpolation approach, some samples in group C would have Pf 
exceeding the acceptable maximum value 4.15 x 10-3 [33]. 
Therefore, based on the obtained information, including the test data, the 
coefficients of variation of the basic variables, etc., this study shows that, in 
absence of the other changes, using -/,, - 1.05 cannot generally give satisfactory 
safety margins for the design of composite beams, and is not recommended. 
However, if taking the results for "case (3)" given in Table 4.23 into account, 
acceptance of = 1.05 for design may be re-considered. As calculation shows, 
the most unfarourable sub-set for this calibration is beams in group C (using the 
equilibrium method), but in "case (3)', only two samples (SN3 and SN16) have Pf 
over 4.15 x 10-'. It can be seen from Table 4.24 that, corresponding to -ýa = 1.05) 
,, ýc - 1.25 and -ý, = 1.25, even the highest failure probabilitY (happened to sample 
SN3) in "case (3)" has been decreased to a level close to Pf = 4.15 x 
10-3. 
So, if Vf, can be reduced from the current accepted value 0.08 to 0.04 and no 
alteration is made on eitherfykand ly, then, in absence of the other changes, use 
of 1.05 with the other unchanged safety factors can genýerally provide the 
design of bending resistances of composite beams with satisfactory reliability. 
I 
Chapter 5 
Conclusions for reliability of 
0 
composite beams in bending 
A reliability investigation has been carried out on purpose to calibrate partial 
safety factors used in Eurocode 4 for bending resistances in composite beams. 
Based on the earlier work [23,24,33-36], a general procedure of analyzing the 
design reliability of structural resistances has been developed, in relation to the 
test results of the structural resistances (Chapter 2). Following such a procedure, 
the calibration is made for the safety -factors used in designing plastic bending 
resistances of composite beams in accordance with Eurocode 4 [1] (Chapters 3 
and 4). The main conclusions from this study are drawn as follows. 
1. The reliability analysis for a structural resistance can be made based on the 
relevant experimental results. To carry out such an analysis, the relevant 
test specimens may be classified into the same group if they follow the same 
resistance function; such a group of n different specimens can be assumed 
to represent up to n different populations of the structural members, and 
the ratio of real resistance to the predicted resistance for all the populations 
of the structural members in the same group may be assumed to have the 
same probability distribution. 
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2. To calibrate several different safety factors for a single design formula, a 
safety factor applied to a material strength can be considered to comprise 
two factors: a material factor which represents uncertainties of strength 
of the material, and a model factor which represents uncertainties in the 
theoretical model and the geometric dimensions of structural members; the 
feasibility of doing so is confirmed by calculation for the bending resistances 
of composite beams 
3. Determination of safety factors from the specified safety target (i. e. Pf = 
0.0012) and the inverse study (i. e. -finding Pf from given safety factors) 
have been made for composite beams represented by four test groups: 
group A- beams in sagging bending with full shear connection and 
the plastic neutral axis in the concrete slab; 
" group B- beams in hogging bending with full shear connection and 
I 
the plastic neutral axis in the steel web; 
" group C- beams in sagging bending with "ductile" partial shear 
connection [11; 
" group D- beams in sagging bending with "non-ductile" partial shear 
connection [11, 
4. Among the available test data (totally, 122 test results have been collected 
for the four groups), few specimens are as large as some beams used in 
practice, particularly in bridge structures; at the current stage, the re- 
sults obtained in this study are considered applicable to the beams used in 
buildings, rather than bridges. Furthermore, for beams with partial shear 
connection, there is more confidence to apply the calibration results to the 
beams with transverse profiled sheeting, a type of beam that has partial 
shear connection. 
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5. The results obtained based on the collected test data can be used for beams 
with light-weight concrete or normal weight concrete, and for beams with 
a degree of shear connection within a wide range (say, 0.10 < NINf < 1.0). 
6. The calibration is made based on the coefficients of variation of the basic 
variables taken from publications, which are believed to be well established; 
however, the illustrative analysis shows that the influence on calibration 
of changes in some of these coefficients could be considerable, so further 
check of these values should be made when sufficient information becomes 
available. 
7. With respect to the target failure probability, Pf = 0.0012, for the bending 
resistance in design to Eurocode 4, it is shown by the calibration that 
the models used by Eurocode 4 for composite beams represented by 
these four groups are all highly correlated to the actual bending resis- 
tances, particularly for groups A, B and C; 
0 for beams with full shear connection (groups A and B), a higher safety 
level than that required can be reached; in general, the code values of 
the safety factors could be reduced by about No; 
e for beams with "ductile" partial shear connectors (group C), appli- 
cation of the linear interpolation approach provides sufficient safety 
margin for the design, while when, the equilibrium method is used, 
the safety margin achieved appears lower than that required, and, to 
match the safety level, Pf = 0.0012, the safety factors used in code 
[1] should be increased by up to about 4.5%. However, if allowing the 
reduced safety index 0=3.3 rather than 3.8 [33], the values of safety 
factors in Eurocode 4 are still acceptable when using the equilibrium 
method; 
9 for beams with "non-ductile" partial shear connectors (group D), use 
of the model in the code (equation (3.19)) can lead to design safety 
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considerably higher that the target level. The safety factors for this 
model could be reduced by about 20%. 
8. The calibration suggests that the design methods used in Eurocode 4 to 
beams in groups A, B and C are good models, but the model in this code 
for beams in group D is over conservative; it appears from Tables 4.20 and 
4.22 that either of the methods for group C may even be safely used for 
beams in group D; however, as the collected test specimens do not have 
long span (say L> 12.5 m) and the connectors which may be less ductile 
than the studs, further experimental study is needed before any change is 
made to the model given in Eurocode 4. 
9. On condition of no changes occurring to the other factors, reduction of 
coefficient of variation of a material strength improves the overall safety 
margin for the design resistance; but, if this advantage is given to design by 
adopting an higher characteristic value of the material strength (at constant 
mean strength) then use of reduced safety factors may reduce the design 
safety. On the other hand, if no change is made to either the mean strength 
or characteristic strength, the reliability of using lower safety factors can 
be justified. 
10. In particular, for steel strength fy, calibration based on available teat data 
shows that, 
if Vf, is reduced to half the current accepted value, 0.08, but no changes 
are made to both the mean'value and characteristic value of fy, then for 
beams in all the groups studied, the code value of -y,,, may be reduced 
from 1.10 to 1.05 while no alteration needs to be made on the other 
safety factors. 
* however, if all the conditions are not changed, simply reducing 7,, from 
1.10 to 1.05 can increase the failure probability Pf considerably. For 
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example, Pf for beams in group C can then be nearly up to 1%; so, 
with respect to the current knowledge about the uncertainties in the 
design parameters, use of such reduced 7,, is not agreed by this study. 
Finally, it should be noted that since the test data collected are limited, 
the range of composite beams covered by Eurocode 4 is much wider than those 
calibrated in this study; this study has only calibrated the reliability of plastic 
bending resistances of symmetric T-composite beams with welded stud shear 
connection, and, even for such type of beams, more design situations as listed 
in Section C. 2 of Appendix C should be studied, when sufficient test data are 
available. 
Chapter 6 
Theory for longitudinal shear 
resistance of reinforced concrete 
flanges 
6.1 The recommendations in Eurocode 4 
As indicated in Section 1.1, sufficient longitudinal shear resistance in the flange 
portion must be achieved in composite beams. Considering that the transverse 
reinforcement in concrete flanges can strengthen the longitudinal shear resistance 
in the same way as the stirrups in a concrete web for vertical shear [7], Eurocode 
4 [1] suggests the resistance of a potential surface to shear failure to be given by: 
VR --:::: 0.625ftA,, + 
Aefs + Vp 
or VR = 0.2fA,, + vp/V3- (6.2) 
whichever is smaller, where: 
VR the longitudinal shear resistance per unit length along the shear sur- 
face under consideration; 
f't the tensile strength of concrete; for design purpose, it should be taken 
as characteristic value based on the fractile-factor 0.05; 
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f, the cylinder strength of concrete; in design, the characteristic value fc 
should be taken; 
Acv the mean cross-sectional area per unit length of beam of the concrete 
shear surface under consideration; 
fý the yield strength of the reinforcement; in design, the characteristic 
value fsk should be taken; 
A, the sum of the cross-sectional areas of transverse reinforcement (as- 
surned to be perpendicular to the beam) per unit length of beam cross- 
ing the shear surface under consideration, inculding any reinforcement 
provided for bending of the slab; 
VP the contribution of the sheeting, to be considered for situation of sheet- 
ing transverse to steel beam only, determined in accordance with the 
relevant provisions. 
In presenting the formulae above, the partial safety factors are not included; 
f, t and f, represent the strengths of concrete in normal-weight or lightweight, so 
the reduction factor 71 for strength of lightweight concrete does not appear here. 
Eurocode 4 also states that A, should include the rib area when using equa- 
tion (6.1), but the rib area should be excluded from A, in using equation (6.2). 
According to the truss-model, equation (6.1) is established with repect to the 
yield of transverse reinforcement and the failure of sheeting due to the transverse 
tension, while equation (6.2) is based on crushing failure of the concrete struts. 
0 
6.2 Shear resistance with failure of sheeting and 
reinforcement 
As shown in Figure 1.1, when the cross-section of composite beam is subjected 
to a bending moment, the caused normal force F in the concrete flange results 
in shear force T and the transverse forces, Ftr, t and Ftr, c) on the longitudinal 
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surface along the flange portion (as represented by region AC in Figure 1.1(b)). 
The concrete flange is thus subjected to longitudinal shear and in-plane bending 
simultaneously. The effect of in-plane bending needs to be considered in studying 
the longitudinal shear resistance. 
6.2.1 The basic assumptions 
The transverse reinforcement is normally used to resist the transverse tension. 
With reference to previous research [1,5], the assumptions for describing the be- 
haviour of transverse reinforcement at the stage of longitudinal shear failure may 
be presented as 
(1) the transverse reinforcement is yielded all along the shear span considered. 
Due to the in-plane bending, a part of concrete along the longitudinal surface 
must be in compression, so assumption (1) actually implies that the yielding 
region of the transverse reinforcement in tension is partly overlapped by the 
compression zone for the concrete, which is obviously an idealized picture of the 
stress distribution. However, the researches reported in [3,5] showed that, by 
assuming such an overlapping, the prediction of the shear resistance in reinforced 
concrete flange reasonably agreed with test results. Hence, assumption (1) is also 
adopted in this analysis. 
When profiled sheets are used in the composite beams, the sheeting is nor- 
mally orientated in a direction either parallel or perpendicular (transverse) to 
the steel beam, as shown in Figure 1.2. if transverse sheeting is continuous over 
the steel beam, or discontinuous but anchored by stud shear connectors welded 
to the steel beam, as shown in Figure 1.2(b), the sheets should be able to de- 
veloP transverse resistance, and act as transverse reinforcement. Therefore, it is 
assumed here that 
(2) where tranverse sheeting is continous over the steel beam or anchored 
by 
stud shear connectors welded to the steel beam, the profiled sheeting per- 
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forms as transverse reinforcement and therefore can develop resistance to 
the transverse tension. 
The similar resistance to transverse tension, however, can not be expected 
from sheets where the sheeting runs parallel to the steel beam. This is because 
the sheeting in this case is corrugated transversely, as shown in Figure 1.2(a). 
Nevertheless, if the connection of the parallel sheets to the steel beam is provided 
by studs welded directly through the sheets, as specified in Eurocode 4 (clause 
6.6.3(2)), it can be considered that the profiled sheets, associated with resistance 
from concrete, and from transverse reinforcement to the transverse tension, can 
exert resistance directly in longitudinal shear. An assumption is made that 
(3) where parallel sheeting is anchored by stud shear connectors welded to the 
steel beam, the profiled sheets can develop resistance directly to longitudinal 
shear. 
Where light transverse reinforcement is used, the tensile strength of concrete 
may have to be considered, otherwise, with respect to the existence of in-plane 
bending, it is difficult to explain the longitudinal shear resistance where little or 
no transverse reinforcement is used. Hence, the following assumption is made: 
(4) along the longitudinal surface, the tensile strength of concrete in the trans- 
verse tension zone can be considered, to contribute to the resistance to 
transverse tension. 
Since the concrete would normally be cracked if the reinforcement is yielded 
(assumption 1), this assumption is actually made on a pragmatic base, by which, 
together with the other assumptions, the complex behaviour of concrete may be 
considered in predicting the longitudinal shear resistance. Analysis results from 
a model based on such assumptions needs to be checked against tests. 
It has been realized [2,3,19] that, taking account of cracks existing in a con- 
crete shear plan, the suitable relationship between the shear strength and the 
compressive stress developed in concrete may be described by the "shear-friction 
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cohesion" model, i. e. 
Tc= c+ Kac (6.3) 
where Tc - the shear strength of concrete; 
c -- the apparent cohesion of concrete; 
K -- the friction factor; 
o-, -- the compressive stress developed on the shear surface 
From the previous studies [2,3,4], it may be taken that c=0.1fu and K-1.0 
where fu is the cube strength of concrete. According to the theory of concrete 
plasticity [10], when taking K -- 1.0, then the cohesion c may also be taken as 
the tensile strength ft. In fact, fct may be considered as approximately equal to 
However, as the concrete tensile strength ft can vary between -1-f,,, and 15 
1 fc, it 8 may be prudent to take the cohesion c as 0.8fct, rather than fct directly. 
Therefore, it is assumed that 
(5) the shear strength in concrete is related to the compressive stress o,, and 
the tensile strength ft as follows, 
-rý, = 0.8 ft cr, (6.4) 
The theory presented in [3,4,5] for the longitudinal shear resistance in re- 
inforced concrete flanges assumed that, on the cross-section where the bending 
moment M, and hence the normal force F on the transverse cross-section of 
concrete flange (Figure 1.1 (b)) reaches the maximum value, the transverse shear 
force Q, as shown in Figure 1.1 (b), is zero. In a non-elastic situation, the validity 
of this assumption can perhaps only be proved where the loads act on beam sym- 
metrically and the maximum moment merely occurs at middle span. Regarding 
the more general situation, it is worth exploring what is the effect on the longi- 
tudinal shear resistance if the conditions of Q -- 0 and M= MMaxdo not appear 
at the same transverse cross-section. In order to produce manageable equations, 
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only the situation of beam subjected to a concentrated load is to be studied for 
this problem, and the following assumptions are made: 
(6) along the beam span, the variation of the normal force F on a transverse 
cross-section of the concrete flange is proportional to the bending moment; 
the eccentricity of normal force F on the sections of M=M,. a,, and Q=0 
is proportional to the distance from the section to the nearest support. 
6.2.2 Governing equations 
With respect to the assumptions made above, the ultimate resistance to longi- 
tudinal shear and in-plane bending in a composite beam may be analysed by 
considering the flange portion shown in Figure 6.1. 
Apart from those given above, the following symbols are used here: 
VPS strength developed in the sheets to longitudinal shear, per unit 
length along beam span; 
VVI strength developed in the sheets to transverse tension; Pt) Pt 
P reduction factor for fct in considering the contribution of concrete 
to the transverse tension; 
n the eccentricity ratio; 
the length of shear span under consideration, i. e. the distance from 
the section with maximum moment to the nearst support; 
L the total span of the beam; 
x the length of the zone of transverse compression in concrete; 
XO the distance between the section EG where Q=0 and CD where 
M= Mmax, as shown in Figure 6.1. 
Q0 the shear force on the logitudinal surface region between section 
CD and EG, as shown in Figure 6.1; 
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Figure 6.1: Calculation pattern of the shear resistance with respect to the failure 
of reinforcement and sheeting 
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Fo the normal force on flange portion where Q=0; 
F1 g the normal force on flange portion at the section with Mn,.; 
p the concentrated load assumed on the beam to study the effect of 
Q -ý4 0 on the longitudinal shear resistance. 
From Figure 6.1, the equilibrium of part ABDC in direction X and Y leads to 
Ivp, + xA, T, - Fir -0 (6-5) 
xA,, o,, - (I - x)A,, (ttft) - l(A, f, + vpt) -Q=0 (6-6) 
Taking moments about point A, 
x2 12 12x 2) 
== 0 (6.7) nlFig + A,, c, 2 
Ql - (Aefs + vpt) 2-A,, 
(itf(; t)L 2 
In these equilibrium equations, -r, can be expressed in terms of ft and u, as 
assumed by equation (6-4), ft, Aj, and I refer to the tensile strength of concrete, 
the property of the reinforcement and the shear span considered, respectively, 
which can be known in advance for the given beam and load position. For vp, 
and vpt, it can be evaluated by considering the anchorage strength of sheeting to 
the stud shear connectors and the shear bond strength of the sheeting to concrete, 
which will be presented later. Therefore, the unknowns remain Fig, a, x, ft, n 
and 
Taking equlibrium of part CDEG in the Y-direction and rotation about point 
cl 
III 
Q- xo[A,, (ttf,,; t) + Aj, + v, t] == 0 
(6-8) 
n(I + xo)Fo - nIFI, - [A,, (tif,, t) ++V t]X2 
/2 =0 p0 
(6 
According to assumption (6), for the moment distribution of a beam under a 
concentrated load, as shown in Figure 6.1, Fig and 
Fo can be related as follows, 
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oF 
-L , E -- - L-1 
Substituting equation ((6.10)) into ((6.9)), 
[Ac, (pf, t) + A' vI Flgxo 
+, 
2 
2n[I - (I + xo)I(L - ), 
xo 
P' 
It can be seen that one of the possible solutions for equation (6.11) is that 
xo = 0, which would lead to Q-0, as assumed in the previous research [3,4,5]. 
However, as long as 1 7ý L/2, a non-zero xo is also possible for equation (6-11), 
which results in 
[Ac (p ft) + A'fr' + v' Fig e ptl XO (6.12) 2n[I - (I + xo)I(L - 1)] 
/II According to the explanation for equations (6.5) to (6.9), A,, L, vpt and L can 
also be known in advance, so the new unknown appearing in equations (6.8) and 
(6.12) is xo only. 
Therefore, by using equations (6.4) to (6.8) and (6.12), Fl., x, o,,, T, Q and xo 
can be determined by fixing the redution factor ft for concrete tensile strength and 
the eccentricity ratio n for Fjg. The values of y and n may have to be assumed, 
but the determination of these factors should be checked with respect to the tests 
on longitudinal shear resistance. 
Substituting equation (6.4) into (6.5) and eliminating a,, from equation (6.5) 
and (6.6), it is obtained that 
vR-- /-iAcvfct + 
Aefs + Vps + Vpt + Vý + (0.8 - ii)Ar-vfrtxll 
where, vs = Q11 andVR = Flg/l. It is easy to see that VR 
is jUSt the longitu- 
dinal shear resistance as defined in Section 6.1. 
If it is assumed that it - 0.8, then equation 
(6.13) simply appears as 
ýt 
+ A, fr, + vps + vpt + vs VR ':::::: 0.8A,, fc (6-14) 
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This equation implies that, if vs is ignored and in respect of failure caused by 
yielding of reinforcement and sheeting, the value 0.8 for y leads to the longitudi- 
nal shear resistance vRonly depending on the concrete tensile strength and the 
strength from the sheeting and transverse reinforcement. This is consistent with 
the design method of Eurocode 4, as shown in equation (6.1). 
Therefore, the p is taken as 0.8 in the following analysis. 
Since FIg can be replaced by VRI, substituting equation (6.14) into (6.7) and 
eliminating a, by using equation (6.6), the compression zone due to the in-plane 
bending can be found as 
I -2n- 
2nvps - v. (6.15) 
,, 
+A 0.8f, tAr efs 
+ Vpt + Vs 
where X= x1l. 
Similarly, with A -- xO11, equation (6.8) gives 
1 Jý +v A(0.8fctA,, + A' Pt) 
From equations (6.14) and (6.16), it can be seen that if xo 
(hence A) 7ý 0, the 
longitudinal shear resistanceVRappears greater when considering v,,. 
The xo (= 
AI) is therefore called the beneficial length to theVRwithin the shear span under 
consideration. 
Using y=0.8, the following equation can 
be derived from equations (6.12), 
and (6.16) 
I+ Aý - 
ýA 
=0 (6.17) 2n[I - (1 + A)/a] 
where (6.18) 
0.8ftA,, + Aefs + vpt (6.19) 
,+A 0.8f, tA, efs 
+ VPt + VPs 
Solving equation (6.17) for A, 
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20 c'o +ý+ 1)2+ 4ý(o 0+0+ 1)] (6.20) 2n 
If n is assumed in advance, then A can be found from equation (6.20), hence 
v, can be found from equation (4-16). Knowing v. and A, the longitudinal shear 
resistance 'OR can be determined from equation (6.14) and, if necessary, X can be 
evaluated from equation (6.15). 
The ecccentricity factor n may be related to the effective width of the concrete 
slab b, ff . Based on the effective width b, ff ,n may be found as 
beff- be, 
41 
(6.21) 
where bs is the the distance between the potential surfaces of shear failure, as 
shown in Figure 1.2. 
It is realized that bff depends on many factors, such as the position of the 
cross section considered, the type of load, the geometry of the beam, etc [6,63]. 
The rigorous determination of b, ff is normally avoided, for simplicity. Eurocode 4 
[11 recommends that, for all sections over the whole of beam span, b, ff at midspan 
may be used, and b, ff at midspan can be approximately taken as L/4. Compared 
with the tabular determination of beffgiven in BS5400 [6,63], the recommendation 
in Eurocode 4 can considerably overestimate bff when the cross-section is far away 
from midspan -(say the section under point load at quarter-span). 
Therefore, in order to make analysis of longitudinal shear manageable and 
more reasonable, it is simpler to assume that, wherever the maximum bending 
,x occures 
in the beam span, n, rather than b, ff, is a constant on the moment 
section of M= 
If taking b, ff as L14 for the section of M == M.,,,, at midspan and ignoring 
D, n would turn to be (0.25L/4)/(0.5L) = 0.125. If considering that the 
beff 
actually changes overall the beam span [6,63], n may appear greater than 
0.125 
for section of M=M,,,,,,, off midspan. To develop a simple theory 
for longitudinal 
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shear resistance and make analysis safe, a value of n higher than 0.125 would be 
better. So, in this study, n is assumed as 0.15 for analysing the longitudinal 
shear resistance. It is realised that adopting n=0.15 is only an assumption and 
it may be modified if necessary. As recognized [9], the bending capacity of the 
composite beam is relatively insensitive to the value of effective width of slab. So 
this study still respects that b, ff may be taken as L/4 in determining the bending 
resistances in composite beam, as suggested by Eurocode 4 [1]. 
6.2.3 The effect of the beneficial length 
From equation (6.14), it can be seen that, if by considering the effect of the ben- 
eficial length xo (= Al), a larger longitudinal shear resistance VR can be obtained. 
It is necessary to study the effect from Al. 
According to equations (6.16) and (6.19), VR given in equation (6.14) may be 
expressed as follows, 
vR - (I + Ao)(0.8A,, ft + 
Aefs + Vpt + Vps) (6.22) 
Therefore, the effect of Al is embodied in the term Ap. Using equation (6,. 20), 
Aý can be given as follows, 
Ao - 
1[ +0+1)2+ 40(a - 1) -( 
ao 
_ ao +0+ 1)] (6.23) 2 
F(ýý2 
ao 2n 
In practice, the transverse reinforcement or tranverse sheeting is normally 
, 
je, + vpt, Futhermore according to assumption arranged such that A, f., + vpt = A' 'I 
(2) in section 2.2.1, in determining the longitudinal shear resistance with respect 
to the failure in sheeting and reinforcement, vp, is not considered when transverse 
sheeting is used, so, for beams with transverse sheeting or reinforcement, it can 
be taken 0=1.0. Therefore, for different n, curves of A# against a can be drawn, 
which are presented in Figure 6.2. From Figure 6.2, it is seen that, the larger 
the value of n, the greater is the beneficial effect, AP. This is because, in this 
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model, the determination of the beneficial length xO is actually based on the effect 
of in-plane bending, which is inferred from equation (6.9) where n --* 0 would 
lead to A -+ 0, and the effect of in-plane bending would be more significant as n 
increases. 
The same result can be also obtained when 0 =h 
0. 
0. 
0. 
0. 
Figure 6.2: Variation of Aý vs a with P=1.0 and different n 
Since a larger n would result in a larger vs, according to equation (6.14) or 
(6.22); a larger vR would also be obtained, but there is no evidence to support this. 
This method of studying the effect of the beneficial length is an approximation, 
developed by assuming n as constant rather than variable. 
For a fixed n, e. g. n -- 0.15 as assumed in Section 6.2.2, the. approach given 
by equation (6.14) or (6.22) finds vR in two phases: one determines the con- 
tributions within the shear span only, as given by 0.8A, vft + A, fr, + vpt + vp,, 
the other assesses the contribution from the benificial length which is given by 
(A#)(O. SA,, f, t + 
Aefs + Vpt + Vps)- 
With a specified n, for different 0, another group of curves for A# agaist a can 
be drawn. Using n=0.15, such a group of curves is presented in Figure 6.3. From 
this Figure, it can be seen that, AO decreases as 0 gets smaller, but the variation 
I! D iu lb 20 25 
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of 0 does not affect AO much when 0 is in its normal range 0.5 - 1.5 From the 
definition of 0 in equation (6.19), it is known that the smaller# means the weaker 
strength in region CG, compared with that in shear span AC, and, therefore, the 
contributions from the beneficial length would appear smaller compared with 
those from the shear span under consideration. According to equation (6.22), AO 
actually represents the ratio of the contributions from the beneficial length to 
those from the shear span considered, so Aý should be decreased if the smaller 
appears. 
0. 
0. 
0. 
0. 
Figure 6.3: Variation of Aý vs a, with n=0.15 and different 0 
Equation (6.23) also suggests that, when a=1, AO = 0, hence 
A=0. 
According to equation (6.18), a=I corresponds to 
I= L/2. Therefore, if 
a point load P acts at midspan, the cross-section with 
the maximum moment 
would, even at the non-elastic state, coincide with 
that of Q=0. Based on 
this result, it may be extensively considered that, 
for the beam under symmetric 
loading, the ultimate resistance to longitudinal shear may 
be determined ignoring 
the effect of Q, as in the previous research 
[4,5]. 
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6.3 The shear resistance with crushing of con- 
crete 
From the analysis presented, the longitudinal shear resistanceVRcan be deter- 
mined with respect to the strengths of sheeting and transverse reinforcement. 
However, as visualised, when the transverse sheeting or reinforcement is very 
strong in transverse tension, longitudinal shear failure would not depend on ten- 
sion failure in transverse sheeting or reinforcement. Instead, it would be caused 
by crushing of the concrete in the compression zone. Therefore, assumptions 
(1) and (2) made in Section 6.2.1 are no longer reasonable in this case, and the 
longitudinal shear resistanceVRshould be determined based on the compression 
strength of concrete. 
6.3.1 Crushing of the concrete struts 
To obtain the longitudinal shear resistance VRwith respect to the compression 
strength of concrete, it is necessary to determine the maximum compression stress 
and shear stress which can be developed in concrete. 
It has been understood [1,7] that, under the effect of longitudinal shear, a 
series of diagonal cracks would occur in the flange. Therefore, it can be idealized 
that a series of the independent concrete struts are formed as shown in Figure 
6.4. In Figure 6.4, the new notation is used as follows: 
UCIM the maximum compression stress in concrete on the longitudinal 
surface; 
TC 
IM the maximum shear stress in concrete on the 
longitudinal surface; 
aI the compression stress in a concrete strut at crushing; C 
(A, fr, ), n the tensile strength of 
transverse reinforcement developed at the 
crushing of concrete struts-, 
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VPt, m the tensile strength of transverse sheeting developed at the crushing 
of concrete struts; 
0 the angle between the diagonal crack (the strut) and the longitudi- 
nal shear surface; 
B 
A 
D 
(A 
e 
fdrrý Vptin 
x 
Figure 6.4: Calculation pattern for shear resistance with respect to crushing of 
the concrete struts 
Ingnoring the influence from the sheeting and reinforcement, the stress state 
on the strut element may be as shown in Figure 6.4. 
According to the equilibrium of the strut element shown in Figure 6.4, the 
following equations can be obtained: 
ac, m ucsin (6.24) 
Tc, m uCsin0cosO 
It is assumed that the struts crush when the stress reaches the cylinder 
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strength f, i. e. 
UC = fc (6.25) 
-" wi 
So, replacing ccl with f, and r,, ith cc,. + 0.8ft (see equation (6.4) ), the 
following equation can be derived: 
sin(20) + cos(20) =I+1.6 
fc t 
fc (6.26) 
From equation (6.26), the direction of the concrete struts at the occurrence 
of crushing can be obtained. 
With the approximation fct 0.1f,, 
_, and regarding 
f, related to f,,, as 
f, - 0.8f,,, [1, S], it is found from equation (6.26) that 0- 38.50, so the and 
can be determined as: 
uc, m :: -- 0.310fc,., 
1 
7-.,. =0-390 f, 
(6.27) 
From equations (6.27), it is concluded that, when or, andT, on the longitudinal 
shear surface reach 0.31fu and 0.39f, respectively, crushing of the concrete 
struts would occur. 
6.3.2 The maximum effect of sheeting and reinforcement 
The compression zone in concrete has been found by equation (6.15), hence, in 
order to avoid crushing in the concrete, the concrete stress in this zone should 
not exceed the value as given by formula (6.27). Therefore, it can be concluded 
that, only within certain range, increasing strength in sheeting or the transverse 
reinforcement would effectively enhance the longitudinal shear resistance. 
According to equations (6.6) and (6.27), the strength developed in sheeting 
and reinforcement should satisfy the following condition: 
(A, f, + vpt)l +Q+ (1 - x)A,, (0.8ft) : fý, xA,, (0.310f,,:. ) (6.28) 
Letting ft = 0.1f,,,, this inequality can be re-written as 
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(A, f,, + vpt) + v,, :! ý o. 390A,, f,,., X - 0.08A,, f,,, (6.29) 
where, v. = Q11 and X= x1l. Applying equation (6.15), it can then be 
obtained from condition (6.29) that 
v< vu (6-30) 
where 
v= (A, f, + vpt) + v., (6.31) 
vi - tü. 39(O. 5 - n)[l -1+ 
4(v. - 2nv PS 
)]-0.08jAf 
(6.32) 
cu 
0.39(1 - 2n)2,4cvf 
vu - 10.39(0.5 - n) [I +I+ 
4(vs - 2nvp, ) 
-] - 0.08}A,, f,:: u 
(6.33) 
0-39(l - 2n)2A,, fu 
Expressions (6.30) to (6.33) describe the conditions under which the longitu- 
dinal shear resistance vR would depend on the strength of sheeting and reinforce- 
ment, as determined by equation (6.14). 
Equation (6.32) and (6.33) show that, as v,, increases, vi and v,, would decrease 
and increase, respectively, so, the restriction for using equation (6.14) turns to 
be weaker when taking the effect of the beneficial length into account. Hence, 
to simplify the analysis, the effect of the beneficial length may be ignored, which 
makes condition (6.30) stricter and, therefore, safer. Thus, as assumed in section 
6.2.2, letting n-0.15, equations (6.32) and (6.33) appear as 
, 
X- - 0.08]Acvfcu (6.34) vi = [0-137(l -I- . 279- 
vp 
c, Výu c 
vu = [0-137(l + 6.279, 
v-p) 
- 0.08]Acvfcu (6.35) 
cv 
ýu 
c 
If condition (6.30) is broken such that v> vu, then the transverse sheeting or 
reinforcement would be over strong andVRwould be controlled by the concrete 
strength in compression. Therefore, for the sheeting and reinforcement within the 
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shear span, the maximum effect of the transverse tension will be reached when 
v= vu. Hence) from equations (6.14), (6.31) and (6.35), VR corresponding to vu 
may be found by taking fct = O. Ifc,,, 
VR- 0.137(l +I-6.279,, v-- cvfcu + vps (6.36) cvý 
)A 
cu 
Equation (6.36) gives the maximum longitudinal shear resistance which could 
be developed in the beam when controlled by the concrete strength in compres- 
sion. 
It can be shown that, only if 
vps < 0.130A,, f,,, (6-37) 
the larger vR can be achieved from equation (6.36) as vp,, increases. Furhter- 
more, when vp, > (1/6.279)A,,, fc - 0.159A,, f,,, ), no solution can be obtained 
from equation (6.36). These results imply that, when the sheeting appears exces- 
sively strong in shear, it is not reasonable to determine vp, based on the failure of 
sheeting. In fact, if the sheeting is very strong in shear, shear failure in sheeting 
would not occur at concrete crushing. So, determining vp,, an upper limit should 
also be established, and this limit may be taken as condition (6.37). 
From equation (6.34) or (6.32), it is easy to see that the condition vi :ýv 
appears significant only when vp,, zý 0. However, since the determination of vp, 
should be limited by condition (6.37); using vps = 0.130A,, fu would lead to 
vi -- -0.002A,, f,,, < 0. Therefore, the condition v> vi can actually 
be satisfied 
in all cases. 
6.3.3 The maximum longitudinal shear resistance 
As found above, the maximum longitudinal shear resistance which could be de- 
veloped in the composite beam depends on compression failure in the concrete. 
According to equation (6.36) and condition (6.37), this resistance, denoted by 
vR, m, can 
be found as 
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VR, ra 0.137(l +I-6.2 79 (6.38) 
": výcu)Acvfcu 
+ vp, 
,v cu 
with vps < 0.130A,, f,,, 
The dimensionless form of equation (6.38) 
0.137(l + Vl - 6.279P) + (6-39) 
may be shown by curve ABC in Figure 6.5, where v- VR, m/(A,, vfu) and 
p= vpsl(A,, f,,, ). Based on this variation, a straight line AC may be used to 
replace the curve ABC, such that 
0.274 + 0.4p (6.40) 
With respect to line AC, the maximum longitudinal shear resistanceVR, irn may 
be determined as follows, 
VR, m ": '-- 0.274A, f,,, + 0.400vp,, (6.41) 
with vp, :50.130Acvfcu 
Figure 6.6. shows the variation of ratio 
0.137(1 + Vfl- - -6279P) +P 6= (6.42) 0.274 + 0.4p- 
which confirms that the error caused by replacing equation (6-38) with 
(6.41) is 
negligible. 
If considering that f,,, = 0.8f, Equation (6.41) may be expressed as, 
VR, m -"-- 0.34A,, f, + 0.40vp,, 
(6.43) 
with vps fý, 0.16 A, f, (6.44) 
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Figure 6.5: Variation of v- against P 
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Figure 6-6: Error caused by lineriz4tion of vR, m 
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Where profiled sheeting is used, the concrete slab is usually corrugated, as 
shown in Figure 1.2. For this reason, its is reasonable, that, in considering the 
crushing of the concrete the weakest part of the slab should be considered. In 
Eurocode 4, the mean area of concrete Ac, excludes the rib effect when the 
concrete strength in compression dominates the longitudinal shear resistance. 
Therefore, a further assumption is made here that 
(1) the mean cross-sectional area of the concrete, A, should include the rib 
area when using equation (6.14), but the rib area should be excluded from 
A, in applying equation (6.43) and condition (6.44). 
According to assumption (2) in section 6.2.1, the transverse sheeting is as- 
sumed to resist the transverse tension only, so vp, =0 is taken for the transverse 
sheeting. However, when the sheeting or reinforcement appears so strong that 
the tension failure becomes impossible, it may not be appropriate to neglect the 
vps for transverse sheeting. Therefore, it is also assumed here that 
(2) In applying equation (6.43), the sheeting, whether parallel or transverse to 
the steel beam, can develop the shear strengtý vps. 
These assumptions are not necessary for solid slabs and slabs with parallel 
sheeting. For a solid slab, no sheeting is used and, therefore, no corrugation 
needs to be considered. For slab with parallel sheeting, the potential longitudinal 
surface of shear failure is usually taken as that excluding the rib, as shown in 
Figure 1.2, so the A,, should not be changed in applying equation(6-14) and 
(6.43). 
For beams with transverse sheeting, on one hand, by using assumption (1), 
the flange portion shown in Figure 6.1 or 6.4 would be treated as a flat slab with 
the thickness excluding the rib in using equation (6.43), which makes calculation 
of vR, m conservative, on the other 
hand, higher value ofVR, mcan be obtained 
when assumption (2) is applied in equation (6.43). As a result, it may be expected 
that, by applying these two assumptions together, the errors caused can be partly 
cancelled. 
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6.4 The strength of profiled sheeting 
As Presented in equation (6.14) and (6.43), the profiled sheeting contributes to 
the longitudinal shear resistance. 
If the sheeting is continuous over the steel beam, the tensile strength vpt in 
transverse sheeting may be directly taken as 
vpt - Ap fyp (6.45) 
where A is the cross-sectional area of the profiled sheeting per unit length P 
of the beam; 
fyp is the yield strength of sheeting. 
When sheeting is discontinuous over the steel beam but fixed to the steel 
beam by welded studs, the tensile strength vpt normally depends on anchorage 
failure in sheets around the studs, as shown in Figure 6.7. 
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Figure 6.7: Local failure of sheeting in tension 
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Figure 6.7 shows two possible models for local yielding in the sheeting under 
the transverse tension. The failure shown in Figure 6.7 (a) assumes the sheeting 
to be pulled out from the studs. From Figure 6.7 (a), the pull-out strength of 
the sheet for one stud shear connector can be obtained as 
stud 
fyp 
at 
yp/ý3- 
do-I 
N,, t = (i + L. 15 a/ 
Odo) Odotfyp (6.46) 
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where Nm is the tensile force reached in the sheet at the local failure; 
Odo is diameter of the weld; 
a is the distance from the centre of the stud to the end of the 
sheeting; 
t is the thickness of sheet. 
Figure 6.7 (b) suggests another mode of the local failure in sheeting, which 
leads to the tensile force developed in sheet for one stud shear connector as 
N,, t = 
3.150dotfyp (6.47) 
Eurocode 4 presents a formula the same as equation (6.46) except that the 
factor (1 + 1.15a/Odo) is simply replaced by (1-0 + a/od, ), which only causes a 
small difference. 
It is also stated in Eurocode 4 that, in determining Nat, (1.0 + a/Odo) should 
not be greater than 4.0, while, according to equation (6.47), this limit seems to be 
3.15. Nevertherless, either equation (6.47) or the Eurocode regulation shows the 
same idea that, when a becomes sufficiently large, it is unsuitable to determine 
Nat by considering pull-out failure in sheets. Because the derivation of equation 
(6.47) does not consider other effects such as tl-ie shear bond of the concrete to 
sheeting, as a increases, equation (6.47) may give a conservative prediction of 
Nat. 
Therefore, the method in Eurocode 4 is adopted to find out vpt, i. e. 
vpt (I + a/Odo)Odotfyp/-9 (6.48) 
but (1.0 + a/Odo) < 4.0 
where s is the longitudinal spacing centre-to-centre of groups of studs. 
Since the shear force would be transferred from a flange into the steel beam 
through the shear connectors, it is reasonable to determine the shear strength of 
the sheeting vpý, by considering local yielding of the sheets around the studs, as 
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Figure 6.8: Local failure of sheeting in shear 
shown in Figure 6.8. From this idealized local failure, it can be obtained that 
Sat= 3.150dotfyp (6.49) 
where S,, t is the maximum shear force per stud sustained by the sheet. 
Thus, the shear strength vp,, along the longitudinal shear surface under con- 
sideration can be found from the equlibrium 
vpss = S,, t + 
fbAeb-5 (6.50) 
where fb is shear bond stress via the embossments on the sheet web to 
the concrete [9]; 
Aebis the involved shear bond area per unit length along the beam. 
Therefore, with respect to the limit shown in condition (6.44), vp,, may be 
determined as follows, 
vps = 3.150dotfyp/-5 + 
fbAeb 
., 
fr but vps < 0.16Ac . 
(6.51) 
It should be noted that the shear bond area 
A& involved in the calculation 
depends on the consideration of the potential surface of shear 
failure. For beams 
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with transverse sheeting, in finding vps for the maximum longitudinal shear re- 
sistance as given in equation (6.43), it appears that Aeb '- 0. This is because, 
as shown in Figure 1.2(b), the potential longitudinal surface of the shear failure 
should be taken as that just beside the studs. For beam with parallel sheeting, as 
shown in Figure 1.2(a), the determination of vp, may consider that Aeb includes 
the whole web of the sheeting, as the potential longitudinal surface of the shear 
failure is normally taken as that excluding the rib, which leads to that the part 
of sheeting between studs and the longitudinal surface would cover sheet web. 
6.5 Summary of determining longitudinal shear 
resistance 
An approach of determining the longitudinal shear resistance in composite beams 
with or without profiled sheeting is presented in this chapter. 
Failure of longitudinal shear in composite beam is considered to be caused 
by two reasons: failure in transverse reinforcement or sheeting or crushing of 
concrete struts. 
Longitudinal shear resistance of composite beam may be determined from 
equation (6.22) considering failure in transverse reinforcement or sheeting, or 
equation (6.43) considering crushing of concrete struts, whichever is smaller. 
In applying equation (6.22), for composite beams with sheeting transverse 
to steel beam) Vps -- 
0 
and vpt is determined from equation (6.45) (continuous 
sheeting) or (6.48) (discontinuous sheeting); for composite beams with sheeting 
parallel to steel beam, vpt =0 and vp, is determined from equation (6.51). 
In applying equation (6.43), the contribution of sheets, either transverse or 
paralllel to steel beam, may be taken as vp, found from equation (6.51). 
According to the analysis on a beam subjected to concentrated load off midspan, 
as shown in Figure 6.1, it is shown that, if considering a transverse shear force 
(see Figure- 6.1), then a certain beneficial length AI can be obtained, 
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w4ich would in turn to enhance longitudinal shear resistance in the shear span 
under consideration. This effect AP for a beam under a concentrated load may 
be assessed with respect to equations (6.18), (6.19) and (6.23). 
In general, however, determination of effect of the beneficial length At seems 
not simple. Since the study shows that existence of such a bene-ficial length would 
make a favourable effect to longitudinal shear resistance, such an effect may be 
ignored in calculating longitudinal shear resistance, which would give a simple 
and safe result. Therefore, letting AO = 0, the longitudinal shear resistance may 
be generally found as 
vp, =: 0.8A,, ft + Aefs + vpt + vp, (6.52) 
vR - 0.34A,, f,, + 0.40vp, 
whichever is smaller. 
(6.53) 
To avoid ambiguity in application, equation (6.53) employs a new symbol vpc 
to replce vp,, used in equation (6.43) to represnt the effect of sheeting (either 
transverve or parallel) on VR controlled by crushing in concrete. Determination 
of vpc is of course still same as vp,. 
It should be noticed that A, in equation (6.52) and (6.53) includes and ex- 
cludes the rib area, respectively. 
Chapter 7 
Specimens for testing 
longitudinal shear resistance 
In the last chapter, a theoretical model has been presented, by which the 
longitudinal shear resistance in composite beams with or without profiled sheet- 
ing can be predicted. Together with the theoretical study, tests are required to 
check the theory established here. Furthermore, since the theory suggests that 
the profiled sheeting can make contribution to the longitudinal shear resistance, 
tests are needed to examine such effects of profiled sheeting. Therefore, a series 
of tests have been carried out for this study. This chapter is to present the details 
of preparing these tests. 
7.1 Objective and planning of the tests 
-For longitudinal shear resistance in composite beams with solid concrete flanges 
(no sheeting), several studies based on tests have been done by Johnson [11,12,13] 
and Sen [4]. Therefore, the tests in this study were mainly done on concrete 
flanges with profiled sheeting. Their objectives were: 
(1) to investigate the effect of profiled sheeting on the behaviour of composite 
beams in longitudinal shear; 130 
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(2) to reveal failure modes in longitudinal shear of beams with profiled sheeting; 
(3) to check the ultimate resistance to longitudinal shear of concrete flanges 
with profiled sheeting; S 
(4) to examine the theories established for longitudinal shear and, if necessary, 
to improve the current design method for longitudinal shear resistance in 
composite beams. 
Three test specimens were constructed. 
The first specimen, labelled as TRI, was to simulate a part of a floor system 
in a composite structure. The concrete slab was fabricated with profiled sheeting 
discontinuous over the steel beams. As shown in Figure 7.1, three tests were 
originally planned on this specimen, i. e. 
* Test TRIT, with loading at point B on the secondary steel beam, to check 
the longitudinal shear resistance in region AB where profiled sheeting was 
spanned transverse to the steel beam, and the amount of transverse rein- 
forcement was less than the minimum value given by the code [1]; 
9 Test TRIPI, with loading at point D on the*primary steel beam to check 
the longitudinal shear resistance in region DL where profiled sheeting was 
spanned parallel to the steel bealn, and the amount of transverse reinforce- 
ment was less than the minimum value given by the code [1]; 
* Test TRIP2, the same as test TRIPI but loading at point C to check 
the longitudinal shear resistance in region CH where amount of transverse 
reinforcement just reaches the minimum value given by the code [1]. 
In order to simulate the practical situation that transverse hogging bending 
of the concrete flange portion occurs, it was considered that tests TRIPI and 
TRIP2 should be carried out so that the longitudinal shear resistance after the 
occurrence of the longitudinal crack in the slab due to the transverse hogging 
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bending can be examined. Therefore, in test TR1P1, a small constant load 
was also arranged at point C to make longitudinal cracks in concrete along the 
primary steel beam deliberately. 
It had been expected that, for each test, the behaviour of specimen TRI in 
the concerned region could be treated as that of a composite beam with certain 
effective width. However, from the tests on specimen TRI, it was found that, 
due to the occurrence of large deformations before maximum load was reached, a 
specimen like TRI would eventually perform as a nonlinear orthotropic plate; as a 
result, the situation became excessively complicated for studying the longitudinal 
shear resistance of composite beams. Therefore, it was decided after testing TR1 
that the second and third specimens should be made into two isolated composite 
beams. 
As shown in Figure 7.2, the second specimen, labelled as TR2T, was designed 
as a composite beam with discontinuous transverse sheeting, and two tests were 
to be conducted on TR2TI: 
Test TR2TI, with loading at point .B (Figure 7.2), to examine the longi- 
tudinal shear resistance in region AB where the sheeting was placed but no 
transverse reinforcement was used; 
9 Test TR2T2, with loading at point C, to examine the longitudinal shear 
resistance in region CD where light transverse reinforcement (A98) was used 
but no sheeting was placed. 
It was intended to reveal the effect of transverse sheeting by comparing results 
from tests TR2T1 and TR2T2. 
The third specimen, labeled as TR2P, was designed as a composite beam with 
discontinuous parallel sheeting, as shown in Figure 7.3. Two tests were arranged 
for this beam: 
e Test TR2PI, with loading at point J, to examine the longitudinal shear 
resistance in region HJ where the sheeting is placed but no transverse re- 
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inforcement, was used; 
Test TR2P2, loading at point K, to examine the longitudinal shear resis- 
tance in region KL where the light transverse reinforcement was used but 
no sheeting was placed. 
The effects of parallel sheeting may be investigated by comparing results from 
tests TR2PI and TR2P2. 
7.2 Design and fabrication of the specimens 
7.2.1 Specimen TR1 
Specimen TRI was designed as large as the size of the loading goal-post in the 
laboratory allowed. The overall dimensions in plan are shown in Figure 7.1 
Two rolled steel beams as specified in BS 4: Part 1: 1980 were used: 
* secondary beam: Universal beam 203 x 133 x 30 kg/m (see Figure 7.4 )-7 
o primary beam: Universal beam 254 x 146 x 37 kg/m (see Figure 7.4); 
ALPHALOK profiled sheeting [14] with thickness 0.9 mm was used in this 
specimen. The dimensions of the sheets are shown in Figure 7.5. In TRI, the 
sheeting was discontinuous above the steel beams but fixed to them by studs 
welded directly though. Views 1-1 and 2-2 in Figure 7.1 gives details of the end 
anchorage for the sheets. 
The overall thickness of the concrete slab of TRI was originally designed as 
120 mm. However, measurements made after construction showed that the mean 
overall thickness of the concrete slab may be taken as 125 mm. 
As shown in Figure 7.1, A98 mesh was supplied in areas for test TRIT and 
test TRIP1, and A142 for test TRIP2. The nominal dimensions of these meshes 
are shown in Figure 7.3. 
7.2 Design and fabrication of the specimens 
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According to Eurocode 4 [11, in specimen TRI, the mean area of concrete per 
unit length along the critical longitudinal shear surface A,, (see Figure 1.2), may 
be taken as 99000mm'/m for test TRIT and 65000mm'/m for tests TRIPI and 
TRIP2, which leads to the ratio of transverse reinforcement area to concrete area 
in this specimen as 
o test TRIT: A,, /A, -, - 
98/99000 = 0.0010; 
o test TRIPI: A, /A,,, = 98/65000 - 0.0015; 
o test TRIP2: A, /A,, = 142/65000 = 0.0022. 
Eurocode 4 requires this ratio to be at least 0.002, so this rule was satified 
only in the region for test TR2P2 (see Figure 7.1). 
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Figure 7.4: Cross-section of the steel beams 
The connection of the secondary beam to the primary beam in TR1 was made 
by M20 grade 8: 8 bolts, as shown in Figure 7.6. Because of the clearance between 
such a bolt and its hole, rotational restraint to the secondary steel 
beam at D 
may be ignored and can therefore be assumed to be simply supported at 
both 
fui:: 
146.4 >1 ý- 
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Figure 7.5: ALPHALOK profiled sheet 
ends. As shown in Figures 7.1 and 7.6 along length DG, a short steel beam same 
as the secondary beam was also arranged. This part of steel beam, however, 
was connected to the primary steel beam with the high friction bolts (M20 8: 8 
H. S. F. G bolts), as no support was to be supplied at end G. 
Figure 7.7 describes the shear connection in TRI. The concrete slab was 
connected to the steel beams by stud shear connector which were directly welded 
through the sheets. The studs used were headed studs of size 19 x 100. The studs 
on the primary steel beam was arranged so that, with respect to the loading at 
D (see FigLire 7-1) , the full shear connection along the primary 
beam could be 
achieved for the ultimate state of plastic bending. 
Figure 7.8 shows the specimen just after stud welding. 
On edges Q-H-R and T-L-S of the specimen (see Figure 7.1), the concrete 
slab was supported on the "Meccano" steel channels with section size 8" x 3.5" 
shown in Figure 7.4. The concrete slab was attached to the "Meccano" channels 
at each edge by a single M20 studding of mild steel, as shown in Figure 7.9. 
From Figure 7.1, it can be seen that the steel beams and the "Meccano" 
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Figure 7.8: Specimen TRI after stud welding 
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Figure 7.9: Edge support of specimen TRI 
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channels were supported at five points, A, L, H, Q and T. Ball supports were 
used at corners Q and T, which provided no restraint in any horizontal direction. 
Roller supports were used at A, H and L so that the horizontal movements of 
points H and L along the primary beam and that of point A along secondary beam 
were free of restraint, which leads to no indeterminate reaction from restraints in 
the horizontal plan. 
In casting the concrete, the additional supports were temporarily used so that 
specimen TRI were fully propped during construction. 
7.2.2 Specimens TR2T and TR2P 
The specimens TR2T and TR2P were designed as the isolated beams with trans- 
verse and parallel sheeting, respectively. 
Figure 7.2 and Figure 7.3 show the plan and cross section of beams TR2T 
and TR2P. The basic design points for both beams can be listed below. 
* The intended overall thickness of the concrete slab, including the thickness 
of sheeting, is 110 mm for both beams. Nevertheless, according to mea- 
surements made after casting the concrete, the actual overall thickness of 
the slab for both beams may be taken as 115 mm. 
* Two rolled steel beams to BS 4: Part 1: 1980 were used: UB 203 x 133 x 
30kg/m for TR2T; UB 254 x 146 x 37kg/m for TR2P. The sections of these 
steel beams are detailed in Figure 7.4. 
ALPHALOK sheeting as shown in Figure 7.5 was used again for TR2T and 
TR2P. The sheeting was discontinuous over steel beam but the studs were 
welded directly through it, as shown in Figure 7.2 and 7.3. 
* At one end of each beam, the profiled sheeting was left out but the cross 
section was kept the same as the parts with sheeting. Thus the sheeting ef- 
fects can be focused by comparing the results from the tests on the sheeting 
end and the non-sheeting end. 
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9 In the non-sheeting end of each beam, A98 mesh was supplied, while in the 
sheeting end, no reinforcement was used. For beam TR2P, A142 mesh was 
also used in the middle part of beam, as shown in Figure 7.3, to cover the 
longitudinal joint of the sheeting, 
e As presented in Figure 7.10, for beam TR2T, two studs were welded in 
"staggered pattern" in each trough, including the non-sheeting end; for 
beam TR2P, to provide full shear connection at the ultimate state of plastic 
bending, the studs were welded in pairs at 160 mm pitch all along the steel 
beam. The studs used were headed studs of size 19 x 100. 
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Figure 7.10: Studs in beams TR2T and TR2P 
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Figure 7.11 and Figure 7.12 show the specimens just after stud welding. 
Figure 7.11: Beam TR2T after stud welding 
Figure 7.12: Beam TR2P after stud welding 
143 
Both beams were simply supported at the ends 
during tests. Unpropped 
construction was used 
for the specimens when casting concrete. 
7.3 Strengths of materials 
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All the steel beams used in tests were of grade 43A to BS4360: 1986. In order 
to measure the strength and Young's modulus, six coupons were tested for each 
steel beam, two each from the top flange, bottom flange and web. All the test 
pieces were prepared in accordance with BS18: 1987, as shown in Figure 7.13 and 
Table 7.1. The measured properties of steel beams are given in Table 7.2, where 
the following notations are used: 
fy, f yield strength in the steel flange; 
fy" yield strength in the steel web; 
Eý, Young's modulus of the steel; 
fu ultimate strength in the steel. 
r 
b 
1, + 0.5b 
4. - Ilt 
Figure 7.13: The steel coupons 
Table 7.1: Size of the steel coupons 
width original gauge transition approximate parallel 
b length radius total length length 
(mm) Lo (mm) * r (mm) 
_ 
Lt (mm) L. + b/2 (mm) 
25 100 25 1 300 115 1 
From the results of the coupon tests, the following values may be used as 
measured properties of the steel beams: 
I 
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Table 7.2: Results of coupon test for steel beams 
UB 203 x 133 x 30 kg/m. UB 254 x 146 x 37 kg/m 
In TRI In TR2T In TR1 In TR2P 
fy1f range 262 - 278 267 - 286 282- 291 285- 290 N/MM2 
mean 271 278 286 287 
fy, w range 316 - 320 301 - 333 307- 322 300 - 310 N/MM2 
mean 318 317 315 305 
E,, range 195 - 210 205 - 219 203 - 205 186- 208 N/MM2 
mean 202 211 204 200 
fu 449 - 508 462 - 505 457- 470 456-474 
N mm 
t:: l 
470 477 461 
1 
465 
fy, f - 280 N mm 
2 
Ea- 205 kN/mm 2 
, 
fy, w = 315 N/mm 
f, = 468 N/mrr? 
In predicting behaviours of the the specimens, fy = 290 N/mm 2 would then 
be used for whole steel section. 
Coupon tests were also done for the profiled sheets used in specimens. Three 
coupons were cut from bottom face of the sheets. The results of tensile tests on 
these coupons are given in Table 7.3. 
Table 7.3: Results of coupon test for sheeting 
coupon coupon 2 coupon 3 mean value 
measured size 
of the cross 0.90 x 20.17 0.90 >ý 20-38 0.91 >5 20.31 0.9 x 20.29 
section (mm) 
measured 
yield strength 368 390 373 377 
(N/MM2) I 
According to table 7.3, the measured yield strength of the sheeting may be 
regarded as 
o fyp = 377 N/mm2 
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Three bars with length about 300 mrn were cut. from each kind of mesh and 
tensile tests were conducted on these bars. Figure 7.14 shows the measured 
relationship of stress and strain in these mesh bars. Based the results obtained, 
the following value was taken in anýlyses as yield strength of the transverse 
reinforcement in the specimens. 
e f, = 600 N/mm 
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Figure 7.14: Results of tensile tests on reinforcement 
Ready-mix concrete was used for all specimens. 
In fabricating specimen TRI, the ready-mixed concrete was ordered with the 
following specifications: 
o cube strength at 28 days: 20 N/mm 
2; 
9 aggregate size: 10 mm; 
e classification: normal weight; 
o slump: 50 - 70 mm. 
For specimens TR2T and TR2P, the specification for the concrete was as for 
TRI except that 
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o cube strength at 28 days: 15 N/mm 
21 
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Twelve 150 x 150 cubes and six 100 x 200 cylinders were made at the same 
time as casting specimen TRI. 
Specimen TR2T and TR2P were cast at the same time, and twelve 150 x 150 
cubes and six 100 X 200 cylinders were made. 
The specimens, cubes and cylinders were cured under the same condition: 
covered by damp cloth for the first 7 days and then exposed in air until the tests 
were carried out. 
The compression strength of concrete, was measured by cube tests, in accor- 
dance with BS1881: Part f17: 1983; the loading rate was 450 kN/min. The 
tensile strength of concrete was measured from splitting tests on the cylinders, in 
accordance with BS1881: Part 116: 1983, with loading rate 56 kN/min. Tables 
7.4 and 7.5 show the measured strengths of concrete for TRI, TR2T and TR2P. 
Table 7.4: Strength of concrete in TRI, in N/mm 2 
age number of mean of number of mean of notes 
(day) cubes tested strength cyfinders tested strength 
14 
(4/8/92) 2 31.2 - - 
21 test TRIT started 
(11/8/92) 2 33.2 2 3.70 on 12/8.92 
28 test TRlPl started 
(18/8/92) 2 37.0 - - on 19/8/92 
37 
(27/8/92) 3 36.0 2 3.21 
44 test TRIP2 started 
(3/9/92) 3 38.4 2 3.51 on 2/9/9ý____] 
From the material tests on concrete in specimen TR1, the cube strength of 
concrete may be taken as fu = 33 
N/mm 2 for test TRIT and fu = 37 N/mm 
2 
for tests TR1P1 and TRIP2. The results for the tensile strength ft for concrete 
in TRI showed no clear trend , so the mean of all tested values was taken as 
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Table 7.5: Concrete strength in specimens TR2T and TR2P, in N/mm 2 
age number of mean of numb r A' eo -mean of notes 
(day) cubes tested strength cylinders tested strength 
7 
-(10/3/93) 
2 13-55 - - 
14 
(17/3/93) 2 18.13 2 2.08 
26 TR2TI started 
(29/3/93) 2 23.07 2 2.43 on 30/3/93 
47 
(19/4/93) 2 23.97 2 2.67 
54 TR2Pl started 
(26/4/93) 2 24.46 - - on this day 
57 
(29/4/92) 2 25.17 
tensile strength of the concrete: ft = 3.5 N/mm 2. 
'r. - From the measurements shown in Table 7.5, for tests on beam TR2T, the ten- 
sile strength and cube strength of concrete may be taken as ft = 2.4 N/mm 
2 and 
fcu = 23 N/mrn 2, respectively, while for tests on beam TR2P, fct = 2.7 N/mm 
2 
and Lu = 25 N/mm 2, respectively. 
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7.4.1 Loading system 
According to the test plan for specimen TRI, TR2T and TR2P, the main load 
applied in every test would be a concentrated load. The loading point -for each 
test has been shown in Figures 7.1,7.2 and 7.3. 
On specimen TRI, A 500-kN jack was used to apply the test 
load; during 
test TRIPI, a 50-kN jack was also used at point C shown in Figure 7.1, to make 
longitudinal cracks along the primary beam. Figure 7.15 gives the loading system 
for specimen TRI. 
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In tests on specimens TR2T and TR2P, the test load was applied by a 500-kN 
jack and the loading rig is shown in Figures 7.16. 
At each support and loading point in each test, a load cell was used to measure 
the force. With reference to Figures 7.1,7.2 and 7.3, details of the load cells and 
their calibration results are given in Table 7.6. All the load cells were calibrated 
before the tests. The calibration curves of load cell used are shown in Figures 
7.17 and 7.18. 
Table 7.6: Arrangement of load cells 
Load cell No. Location Scale range calibration formula 
support A in TR1; - 
No. 2657 support A in TR2T; 0- 250 (kN) f= 10-37Dm, + 1.21 
support H in TR2P 
No. 1690 support. H in TRI 0 500 (kN) f= 30.21Dm, - 0.74 
support L in TRI; 
No. 1837 loading points 0- 500 (kN) f= 20.91Dmv + 18.40 
in TR2T & TR2P 
NO. 1854 support D in TR2T; 0- 250 (kN) f= 10.35+ 21.68 
support L in TR2P 
E: >.. v 
No. 1674 load at point G 0- 50 (kN) f 3.02Dmv + 0.32 
in TRI 
No. 1817 the rest loading 0- 500 (kN) f 41-80Dm, + 6.03 
points in TR1 
No. 12385 support Q in TRI 0- 100 (kN) f 6.41Dmv + 1.10 
No. 12386 support Tin TR1 0- 100 (kN) f 6.36Dm, + 3.14 
In Table 7.6, f denotes the measured force, in units of kN, and D., the 
electronic output from the data-logger, in miVX-volts. 
00 7.4.2 Measurement of slip and de exion 
In the tests, electronic transducers (LVDTs) were used to measure 
- the slip between the concrete slab and steel beam at the tested end, 
- the deflexion of the loaded point in each test. 
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Figure 7.15: Loading rig in tests on TRI 
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Figure 7.17: Calibration of 50-kN and 100-kN load cells 
7.4 Test rig and instrumentation 152 
1 
loail cell 181 lilegfive v4e denote$; compression 
0 .... 
Joad. r. OJI. NQ, 1.69Q ........ .................... , ....... 
+ load cell No. 1 b37 
x load cell NO. 2657 
ý-ioo 
(D 
-200 
cc -300 
-400 ......................... ............. 
.I161dIIi 550 
-215- -20 -15 . 10 . 5L 05 Data-logger signal (micro volt) 
Figure 7.18: Calibration of 500-kN and 250-kN load cells 
Figure 7.19 shows use of LVDTs on specimen TRI, while Figure 7.20 gives 
application of LVDTs in beams TR2T and TR2P. 
In test TRIT on TRI, two LVDTs with 50-mm scale range were horizontally 
fixed to the column of the "Meccano" frame", as shown in Figure 7.21(a). It 
was originally considered that the slip at end A of specimen TRI could be found 
from the difference of the horizontal movement measured by such two LVDTs. 
However, it was realized after test TRIT that the slip can not be measured 
reliably in this way, as relative horizontal movement is caused also by the rotation 
of the end section. Therefore, the slip at end A in test TRIT can not be reported. 
The slips at the tested end in the other tests were measured by one LVDT of 
50-mm scale range, as shown in Figure 7.21(b). 
The deflexions were monitored by 100-mm LVDTs. Besides the loaded points, 
the deflexions at midspan were also measured in tests on specimens TR2T and 
TR2P. 
Every LVDT used was calibrated over its full scale range, as shown in Figure 
7.22 and 7.23. Table 7.7 gives the calibration results, where A denoted the 
measured displacement, in unit of mm, and E the electronic output from Data- 
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Figure 7.20: LVDTs used in specimens TR2T and TR2P 
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Figure 7.21: LVDTs for measuring slips 
logger, given by micro strain. 
Table 7.7: Use of LVDTs 
LVDT No. scale range calibration formula 
No. 6079 0 - 50 (MM) A= (6.90E + 34.90) X 
10-3 
No. 6664 0 - 50 (MM) A= (7.05, - + 11.27) X 10-3 
No. 6665 0 - 50 (MM) A= (6.93e - 39.21) x 
10-3 
No. 6641 0 - 50 (MM) A = (6.90, c + 3.9) x 
10-3 
No. 6257 0 - 50 (MM) A= (6.90, - - 36.5) x 10-'3 
No. 5709 0- 100 (MM) A= (9.56e - 39.35) x 10-3-- 
NO. 5652 0- 100 (MM) A= (9.73E - 19.35) x 
10-3 
No. 5653 0- 100 (mm)- A= (9.72E - 37.42) x 
10-3 
NO. 5752 0- 100 (mm)' A = (9. 
_60E. 
-- 1.80) x 
10-3 
7.4.3 The strain gauges 
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Taking account of the positions where load was to be applied in each test, strain 
gauges were placed on several sections of each steel beam, so the total force in 
steel beam Fa shown in Figure I. I(a) can be obtained, from which the force F 
on the flange portion as shown in Figure I. I(b) may in turn be estimated. 
The strain gauges were arranged for the tests as shown in Figures 7.24 and 
7.25. Because test TRIP2 on TRI had to be conducted on the same steel beam 
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as TR1PI, it was not certain before the tests that the failure would occur within 
region CH, since the primary steel beam might have been weakened within CL 
by test TRIPI. Therefore, as shown in Figure 7.25, strain gauges, No. 101-109 
and No. 131-139, were as a precaution placed on two sections within length DC. 
All the strain gauges were post-yield type YL-10, with gauge length 100 mm 
and strain limit (10-20)'/o. 
For the tests, some demec gauges were also originally arranged to monitor 
the strain on the top surface of concrete slab. However, it was found during 
tests that, in the middle of the tests, the concrete between the measurement 
points of many demec gauges cracked, so the reading from such demec gauges 
would be no longer reliable; furthermore, since the concrete slab was measured 
by demec gauges only along the lines on the top surface, the deformation and 
stress in concrete slab along the slab width would still remain obscure. Hence, 
for checking stress distribution in concrete along longitudinal shear surface and 
effective width of concrete slab etc. the demec readings actually provided 
little 
useful information. Therefore, these readings were not reported in this study. 
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Figure 7.22: Calibration of 50-mm LVDT 
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Chapter 8 
Testing procedure and results 
In this chapter, conducting of the tests and the results obtained are reported. 
The discussions about the test results are made in Chapter 9. 
8.1 Loading procedure, failure appearence and 
deformation 
An electronic data-logger controlled by a personal computer was used in all tests 
to record the test information, including the applied load, deflexion, slip and 
readings from the strain gauges. 
From simple beam theories [1,9], the ultimate loads for flexural failure can 
be calculated with respect to the geometry of the specimens and the measured 
strengths of materials. In order to make comparison later, the results from these 
calculations, ignoring self-weight of the specimens and taking the effective width 
as one quarter of the span, are presented in Tables 8.2 and 8.1. The maximum 
loads obtained in tests are also shown in Table 8.2. 
The tests were carried out as follows. 
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Table 8.1: Predicted bending resistances 
1m 
el, R 
(kN-m) 
2F 
el 
(kN) 
3 Mpp, R 
(kN-m) 
4F 
cp 
(kN) 
5m 
PI, R 
(kN-m) 
6F 
cf 
(kN) 
TRIT 162 630 209 905 225 1102 
TRIPI (load at D) 228 759 - - 318 1378 TRIPI (load at F) 
TRIP2 228 759 241 587 318 1378 
TR2TI 
TR2T2 158 637 173 612 210 1102 
TR2PI 
TR2P2 219 738 - - 291 1378 
bending resistance at the first yielding of the steel beam, assuming full 
shear connection 
2 the force in concrete slab corresponding to MeI, R 
3 ultimate bending resistance at plastic state, considering partial shear con- 
nection 
4 the force in concrete slab corresponding to Mpp, R 
5 the ultimate bending resistance at plastic state, assuming full shear con- 
nection 
6 the force in concrete slab corresponding to Mpl, R' 
Table 8.2: The ultimate loads from bending theories and tests 
Test No. 1 Pel, R (kN) 2 Ppp, R (kN) 3 Ppl, R (kN) 'p""'ax (kN) 
TR1T 173 223 240 300 
5 TRIPI load at D 
load at F 
182 
285 
- 
301 
254 
398 
235 
330 
TRIP2 285 301 398 385 
TR2TI 172 189 229 215 
TR2T2 172 189 229 186 
TR2PI 239 - 317 320 
TR2P2 239 317 300 
1 the load found from Ifel, R 
2 the load found fromMpp, R 
the load foundfrOM MpI, R 
the maximum load obtained from tests 
P,, mý,. reported here does not include the secondary 
load, as planned in 
section 7.1.1, at point G. 
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Tests on specimen TR1 
Test TR1T As introduced in section 7.1, the load in this test was applied on 
point B (see Figure 7.1). The measured deflexion of this point is shown in Figure 
8.1. In the first stage, the load was increased up to 160 kN in increments of 15 kN. 
Because the calculated elastic limit load PelR, as shown in Table 8.2, was being 
reached, the loading increment was then changed into 5 kN. Eventually, the load 
reached 300 kN and the failure occurred when a hole just under the loading plate 
was punched. 
300 
29 
201 
Z 
-0 Co 151 0 
0) m 
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5 
.......... ........... "I, *, **,, *, "*", *, *11*1"**,..., 
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Deflexion of point B (mm) 
Figure 8.1: Deflexion of loaded point in TR1T 
45 
Test TRIP1 As notified in in section 7.1, a 35 kN load had been applied at 
point C in advance and was maintained throughout test TR1PI. The main load 
was applied at point D, as planned in Figure 7.1. However, as the main load was 
increased to 235 kN, the deflexion of the loaded point D had reached 40 mm. At 
this load level, it was also found that the primary steel beam under the main 
load had yielded over more than two-thirds of its depth, but no sign of any shear 
failure in the specimen appeared, which implied that the bending failure would 
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failure in the specimen appeared, which implied that the bending failure would 
have occurred if loading at D had been continued. Therefore, the main load was 
moved towards end L by Im and the loading point was changed into E, as shown 
in Figure 7.1. The load on this point was applied up to 270 kN and the specimen 
still gave no sign of shear failure. In order to avoid bending failure, the main load 
was again moved, and the loading point was therefore set at F (see Figure 7.1). 
The maximum value of the load at F eventually reached 330 kN. At this load, 
the test region of specimen was failed due to a hole under the loading plate being 
punched. Corresponding to loading at point F, the deflexion of this loaded point 
and slip at the tested end L, as marked in Figure 7.1, were obtained as shown in 
Figures 8.2 and 8.3. 
During this test, the specimen withstood some unloading and reloading pro- 
cedures. However, it is noted here that, for all the tests including TRIPI, the 
parts of any test curve measured before unloading and after reloading (if any) 
have smooth continuation, therefore, all the measurements made for unloading 
and reloading (if any) in any of the tests are not shown and discussed. 
Test TR1P2 In this test, the secondary load at G was removed, so only point 
C as marked in Figure 7.1 was loaded. Measured deflexion of the loaded point 
and slip at the tested end are shown in Figures 8.2 and 8.3. Figure 8.4 presents 
a general view of the specimen in this test. The load was steadily increased 
from 
zero to 320 kN in increment of 20 kN. Because the load was approaching 
PpI, R 
(see Table 8.2), the load increment was then changed to 10 kN. When the load 
passed 360 kN, the increment was further reduced to 5 kN. The maximum 
load 
achieved was 385 kN. and, as Test TRIPI, the specimen in this test was 
failed 
when a hole was punched on the concrete slab under the loading. 
8.1.2 Tests on specimens TR2, T and TR2P 
Test TR2T1 A concentrated load was applied at point B, as indicated in 
Figure 
7.2. The measured deflexion of the loaded point and slip at the tested end are 
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Figure 8.4: Specimen TRI in Test TRIP2 
presented in Figures 8.5 and 8.6, respectively. At the beginning of this test, the 
load was increased to 140 kN at intervals of 20 kN. Since, as given in Table 
8.2, the calculated elastic limit load PeI, R was being approached and cracks in 
concrete started to appear, the load was then increased in steps of 10 kN. After 
P= 180 kN, the load increment was decreased to 5 kN. When load reached 
205 kNý it was found that the longitudinal crack occurred in region BC (Figure 
7.2) had almost extended into region CD. In order to avoid test TR2T2 
being 
possibly affected by such crack, it was decided to take the load off and to carry out 
test TR2T2 next. When test TR2T1 was started again, the load was 
increased 
from zero to 160 kN in step of 20 kN. Then the load increment was reduced 
to 
10 kN and the load was applied up to 200 kN. Finally, the 
load was applied up 
to 215 kN in increments of 5 kN. The maximum slip at the end of the test was 
measured as about 6 mm. It appeared that the failure in this test occurred when 
the shear connection lost the strength. 
Test TR2T2 As planned in Figure 7.2, this test applied load at point C. The 
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deflexion and slip were measured as given in Figures 8.5 and 8.6, respectively. 
The load was increased to 160 kN by 10 kN at each step. The increment of 
load was then reduced to 5 kN until the end of the test. The maximum load 
was measured as 186 kN. As the failure approached, wide diagonal cracks were 
found on the bottom surface of the concrete slab, developing from the roots of 
the shear connectors. The slip at end D was measured at the maximum load as 
about 5 mm. The test was terminated as the failure of the shear connection in 
test region took place. 
Test TR2P1 For this test, Figures 8.7 and 8.8 show the deflexion of loaded 
point and slip at the tested end, respectively. With reference to Figure 7.3, the 
loaded point was at J. The initial load increment was 30 kN which was kept until 
P- 120kN. Then the increment was decreased to 10 kN which was kept to P= 
280kN. Before the load reached the maximum valuei Pmax= 320 kN, the load 
increment was 5 kN. At failure stage, within test region HJ (see Figure 7.3), a pair 
of wide longitudinal cracks in concrete emerged quite suddenly, in the concrete 
part without rib and slightly beyond the critical surface of longitudinal shear 
as shown in Figure 1.2(a), which was immediately followed by severe damage of 
the concrete slab. The load-carrying capacity of the specimen was then quickly 
collapsed. In the stage close to failure (i. e. P= 295 - 300 kN), the measurements 
from strain gauges suggested that the steel beam under the load was yielded in 
tension over about 65% of its depth. 
Test TR2P2 The loaded point was changed from J to K. Figure 8.9 presents 
a general view of beam TR2P under loading in test TR2P2. At the beginning, the 
load increment was taken as 20 kN until P= 120kN. Afterwards, the increment 
was reduced to 10 kN which was kept towards end of the test. The maximum 
load appeared as 300 kN. The deflexion and slip in this test were measured as 
shown in Figures 8.7 and 8.8. At the failure stage, the diagonal cracks occurred 
in region KL widely opened and the concrete just above the steel beam along this 
region was crushed. In stage close to failure (i. e. P= 270 - 275 kN), the steel 
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Figure 8.9: Beam TR2P under loading in test TR2P2 
beam under the load was yielded in tension over about 50% of its depth. 
8.2 Observation of cracks 
Most of the cracks that appeared on top of the concrete slab developed diagonally. 
Figures 8.10 to 8.16 show the cracks in each test. It was found in tests that the 
concrete part near the support in tested region was always cracked at first. 
The first crack in test TRIT was found at load 180 kN. When the load on B 
was up to 230 - 235 kN, a pair of diagonal cracks spread symmetrically from end 
A and appeared quite noticeable, as can be seen from Figure 8.10. As the 
load 
increased, these diagonal cracks became wider and eventually exceeded 0.5 mm. 
Besides these prominent cracks, more small cracks were also observed during the 
test. 
For test TRIPI, because a small load (P = 35kN) was applied at point G 
in advance, the longitudinal cracks along the primary steel beam 
had occurred 
8.2 Observation of cracks 
Figure 8.10: Crack pattern in test TRIT 
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Figure 8.11: Crack pattern in test TRIPI 
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Figure 8.12: Crack pattern in test TRIP2 
Figure 8.13: Crack pattern in test TR2TI 
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Figure 8.14: Crack pattern in test TR2T2 
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Figure 8.15: Crack pattern in test TR2PI 
8.2 Observation of cracks 
Figure 8.16: Crack pattern in test TR2P2 
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before the main load was applied. This longitudinal crack extended towards both 
ends, H and L, (Figure 7.1). When the specimen was under load 165 kN at point 
D, a single diagonal crack was found at end L. Compared with the other cracks 
which emerged later, this crack developed outstandingly in the following stages 
of test TRIPI, as can be seen in Figure 8.11. At the final stage of 
loading at F, 
the width of this crack reached about Imm. 
When specimen TRI was loaded to 230 kN at D in test TRIPI, a diagonal 
crack was also found at end H. During test TRIP2, this crack developed into 
the main diagonal crack, and width of this crack was about I mm at end of test 
TRIP2. 
The earliest concrete cracks in tests TR2TI and TR2T2 were found when 
loads reached 140 kN and 110 kN, respectively. These cracks emerged 
diagonally. 
9-p 
According to the observation, the initial cracks in test TR2PI on beam TR.. 
appeared when the load reached 180 kN and also developed 
diagonally. In fact, 
as shown in Figures 8.13 to 8.16, most of the cracks obtained on 
beams TR2T 
and TR2P extended diagonally and fairly symmetrically. 
In late stage of test 
8.2 Observation of cracks 174 
Table 8.3: Average width of longitudinal crack in test TR2P1 
load (kN) 2- 20 240 260 280 300 320 
in region with _ 
crack width A142 mesh 0.30 0.45 0.55 0.68 0.65 0.70 
(mm) in region without 
mesh 0.23 0.31 0.50 0.72 1.18 1 1.87 
TR2PI (P r-d 310 kN), the diagonal cracks were even found in region KL for test 
TR2P2 (Figure 7.3). 
Besides the diagonal cracks on beams TR2T and TR2P, when the load was 
raised to 190 kN in test TR2TI, a longitudinal crack just above the studs ap- 
peared in region BC (Figure 7.2) and quickly developed towards point C. The 
width of this crack was considerable but was not measured. In test TR2P1, at 
the load of 220 kN, a longitudinal crack emerged also in region JK (Figure 7.3) 
and developed towards the point K. The position of this crack was about the 
critical surface of longitudinal shear as typified in Figure 1.2(a). Table 8.3 gives 
the average measured width of this longitudinal crack. 
In tests TR2T2 and TR2P2, where no sheeting was used in the tested region, 
it was found that many cracks occurred so that the wholýe thickness of concrete 
slab was directly penetrated. For tests TR2TI and TR2PI, the same observation 
cannot be made because of the covering of profiled sheeting. However, in test 
TR2TI) the diagonal cracks closed up when the load was taken off when P= 
205 kN, so it may be considered that the region around the diagonal cracks 
remained in elastic state. Therefore the direct penetration by cracks through 
the whole thickness of concrete slab may not have occurred in tests TR2TI and 
TR2PI- 
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8.3 The forces in steel beams 
According to measurements from the strain gauges on the steel beams and the 
measured properties of steel beams, as reported in Section 7.3, the tensile force 
on the cross-section of steel beam under the loaded point can be found. 
In order to make convenient application, the steel force measured in each test 
is recorded here in terms of f,, = F,, 11,,,, where F,, is the measured steel force and 
1., is the distance from the section with the strain gauges used to measure the 
steel force to the nearest support. 
Figure 8.17 shows the steel force f,, in test TRIT, found from the strain gauges 
No. 71 - 79 which were positioned as shown in Figure 7.24. 
Figure 8.18 shows the steel forcesfa in tests TRIP1 and TRIP2, found from 
the strain gauges No. 81 - 89 and No. III - 119 (see Figure 7.24), respectively. 
The discovery of f,,, from strain gauges No. 81 - 89 will be presented in Section 
9.3. In Figure 8.18, the curves marked by "x" and "o" are those for test TRIPI 
with the measured steel force excluding and including the caused by the 
secondary load at point G (see Figure 7.1), respectively. 
Figure 8.19 shows the steel forces fain tests TR2TI and TR2T2, found from 
the strain gauges No. 101 - 109 and 71 - 79 (see Figure 71.25), respectively. 
Figure 8.20 shows the steel forcesfa in tests TR2PI and TR2P2, found from 
the strain gauges No. 151 - 159 and 131 - 139 (see Figure 7.25), respectively. 
It is considered that, in the final test stages, as the concrete was failed, the 
composite function of the specimens disminished, so the bending moment in steel 
beams would increase and, as shown by most curves in Figures 8.18 to 8.20, the 
resultant force in the steel beam would reduce. 
Table 8.4 presents the maximum steel force fa, max measured for each of the 
tests. 
8.3 The forces in steel beams 
oul 
501 
40, 
ý 30 
402 
c '75 
20 
10 
o measured result 
................ ................ ................................. 
(assumi. ng full shear donneclion) 
....................................... .................................... 0 .............. 
..................... ....... ........ ............... * ..................... 0 ............ 
0 ................ : ............... I: -, -- - ... I .... : ................ : ", *", *'"''',,: *''''*"*, **'', - 
0 .............. e. ................. ............ ............... . 
0 50 100 150 200 250 3c 
Load (M) 
Figure 8.17: Steel force measured in test TRIT 
IUL 
9c 
8C 
A 
6C 
5C 
4C 
3C 
20 
10 
prediqted point for elastic limit 
0 ...... (assuming IuH -shear connection) ..... ............ ............................... ..... - 
o measurement in TRI PI (loading at P, 
0 ...... including- effect of. secondary load .... ...... I ................... .... ... 
x measurement in TR1 PI (loading at F, 
.......... ...... .... ...... .. 0----ý -excluding -effectof -secondary- load) - 
+ measurement iri TR I P2 
0 ...................................... ............ . ........ ............ ..... .... 
0 ........... ..... .......... ............. 
0 ...................................... ........... ............................... ... - 
0_..... ......... I ............ ...... ....... I ............................................ : ....... .. - 
0 .......... ... 
............ 
............ ............ ............ ............ : .......... 
................. ............ .......... 
0 50 100 150 200 250 300 350 4( 
10 
10 
Load (M) 
Figure 8.18: Steel force measured in tests TR1P1 & TRIP2 
176 
8.3 The forces in steel beams 
60 
50 
E 4D 
-030 Z 
(D 
rn 
20 
10 
I-predicted, pointfor- elastic limit.: ................. ............. 
Ossuming ful shear cohnectiop) 
)+ ýmeasuroment io test TR2-TI... : .......................... i ............. .... ...... - 
o measurOment ib test THM 
..... ................ - 
.............. ... .... ............................. 
... ........ ..... D ........................... ......... ............ 
D- ..... . ......... ........ ........ ........ ....... ................ . 
20 40 60 80 100 120 140 1Af) i Fin 200 
Load (M) 
Figure 8.19: Steel force measured in tests TR2TI & TR2T2 
IZL 
loc 
8C 
x predicted point for plastic limit 
(assOming full shear connection) 
............ ............. I ................ **' ?v predfi*ted point fot elastic limit 
(assýjming full shear connection) 
0ý meggkiromept in !W TB? P!.., .......... 
o measurement in test TR2P2 
CD 
,Q 6C 
-. 0 
40 
........................... ................ ..... ......... ..... ...... ... 
................ .. .......... ......... ........... ...... .......... 
20 
so 
Load (M) 
Figure 8.20: Steel force measured in tests TR2P1 & TR2P2 
177 
8.3 The forces in steel beams 178 
Table 8.4: The maximum steel force obtained from tests 
Test fa, max (kN/m) M) 
2i ý M) Pfm (k N) 'I (M) 
TRIT 515 l 310 300 1.50 
3 TRlPl 800 1 1 . 15 1.15 315 1.00 
TRIP2 945 0.80 355 1.00 
TR2TI 601 0.94 215 1.20 
TR2T2 449 0.94 170 1.20 
TR2PI 1007 1.05 295 1.20 
TR2P2 746 1 1.05 270 1.20 
the load corresponding tofa, max; 
the distance from loaded point to the nearest support, i. e. the 
shear span as defined in Figure 6.1; 
the test with loading at point F (see Figure 7.1), effect of the 
secondary load being included. 
Chapter 9 
Analysis of test results and 
design recommendations 
Based on the results from tests in this study, the behaviour of composite beams in 
longitudinal shear and the effect of profiled sheeting were analyzed. With respect 
to the experimental measurements, the theory for longitudinal shear resistance 
presented in Chapter 6 was examined, As a result, design recommendations for 
longitudinal shear resistance were developed. This chapter presents such analysis 
and the suggestions for practical design work. 
9.1 The cracking load 
Figures 8.10 to 8.16 show that diagonal cracks were prominent in every test, 
which implied that the behaviour of the specimens in each test was considerably 
affected by the longitudinal shear. 
Apart from tests TRIPI and TRIP2 which were conducted after the longi- 
tudinal crack along the steel beam had been made by the secondary load, the 
test observations suggested that, when composite beam was mainly subjected to 
longitudinal shear, the concrete would crack first near the end of beam and the 
cracks would develop diagonally. 
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Since the concrete has only a small strength in tension, it is evident that, 
before cracking, the tensile stress in concrete slab is small. Therefore, the analysis 
of the cracking behaviour of a concrete slab under longitudinal shear may be 
simplified by ignoring the effects of the reinforcement and profiled sheeting and 
the normal stress a, on concrete, as caused by the in-plane bending shown in 
Figure 6.1. Thus, before the concrete cracks, the stress state in concrete along 
the critical longitudinal surface may be assumed to be as shown in Figure 9.1, 
whereO'c, b stands for the normal stress in concrete due to bending moment M as 
shown in Figure 1.1(a) and -rck is the shear stress on the longitudinal surface. 
'rck 
CF cy c, b C, b 
BID 'rck 
(a) 
-cy tb 
 . 
S. 
S. 
S. 
S. 
S. -. 
/ 
(b) 
Figure 9.1: Stress state in uncracked concrete 
CY 
Since there is no bending moment at the end of a simply supported beam, 
the stress state in concrete may be considered as pure shear, i. e. Uc, b --- :: 
0- It 
can therefore be inferred from Figure 9.1(b) that the maximum tensile stress 
would occur towards the end of the beam, so the first crack should occur there, 
as observed in the tests, 
It is considered that the occurrence of the first crack corresponds to the con- 
dition that the principal tensile stress in concrete reaches its tensile strength 
fct. 
According to Figure 9.1, this condition is 
Tck 7-- fct (9.1) 
Assuming that the shear stress Tk is uniformly distributed on the longitudinal 
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surface, the longitudinal shear force at occurrence of the initial cracks, Fig, ck, then 
appears: 
Flg, 
ck IA,, ft (9.2 
where I is the shear span and A, represents the concrete area as defined after 
equations (6.1) and (6.2). For the part of a composite beam shown in Figure 9.2, 
FIg, the normal force on area ABCD, may be related to the total bending force 
F, on the slab as follows, 
Fig = 
F, (b, ff - b, ) 
b, ff 2 
(9-3) 
where b, ff is the efFective width and b., is distance between the two critical 
longitudinal surfaces, as shown in Figure 9.2. 
Therefore, the bending force on the concrete slab corresponding to the occur- 
rence of the initial crack, denoted Fk, can be deduced from equations (9.2), (9.3) 
and (6.21). Taking n=0.15 as assumed in Chapter 6, it yields 
Fck " IA,, ft(2 +5 
br, 
. 31) 
(9.4) 
Taking advantage of the bending resistances given in Tables 8.1 and 8.2, linear 
interpolation may be used to estimate the load corresponding to the initial shear 
crack in the testsý Pck, i. e. 
- if Fj :5 Fp (in case of full shear connection, 
let Ff replace Fp), then 
F LQk 
.1 
(0 <F el) Pel, R F ck !ýF PC k 
Fj (9-5) 
Pel, R + (Ppp, R - Pel, R) 
Fck -Fel (Fel < Fck < Fcp) F, p -Fl 
- if Fel > Fcp, then 
F 
-RP, a (0 < Fj, :ý Fp) 
(9.6) Pc kPP, Fc p 
No endeavour has been made to study Pck if Fk from equation 
(9.4) appears 
greater than Fp, as if F& > Fp, the composite beams should be so strong in 
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(total force on concrete slab) 
Fa 
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Figure 9.2: Longitudinal shear force and bending force in concrete 
steel beam 
9.1 The cracking load 
Table 9.1: Load at initial shear crack 
TRlT TR2TI TR2T2 TR2PI 
Fck (kN) 
Pck (kN) 
1154 
> Ppp, R 
584 
180 
584 
180 
490 
159 
2 Fck (kN) 
Pck (kN) 
758 
196 
361 
111 
361 
ill 
490 
159 
pck, e 
(kN) 180 140 110 180 
1 
2 
calculation from A, including the rib area; 
calculation from A, excluding the rib area; 
the load applied at which the concrete crack was first observed in 
the test. 
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longitudinal shear that the shear cracking would not be expected before flexural 
failure occurs. 
Table 9.1 gives the predicted results from equations (9.4) to (9.6) and the test 
results. Tests TRIPI, TRIP2 and TR2P2 are not listed in Table 9.1, as before 
these tests started, the cracks had been caused by the previous test (for TR2P2) 
or by transverse hogging bending applied in advance (for TRIP1 and TRIP2). 
In calculating Fk for the specimens, the measured concrete strengths were 
used and A, was taken from the potential failure surface of longitudinal shear 
as shown in Figure 9.3. 
(a) rib parallel to steel beam 
the potential surfaces of 
longitudinal shear failure 
htj f 
for specimen TR I 
for specimens TR2T &I 
i for specimen TR1 
i for specimens TR2T & 
(b) rib transverse to steel beam 
T 
hc 
Figure 9.3: Failure surfaces of longitudinal shear considered for the tests 
Comparing the predictions of Pk with different A, as shown in Table 9.1, it 
b= loo 
seems more acceptable that, in finding Fck or Pcki the rib area should 
be excluded 
1- b= 270 ---ý 
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from A, 
Ignoring the rib effect, Table 9.1 suggests that equations (9.4) to (9-6) can 
be used to estimate the load corresponding to the first crack in concrete due to 
longitudinal shear, if 
(1) the beam is originally uncracked; 
(2) the beam is subjected to a concentrated load. 
It is noted that, in deriving Fkas shown in equation (9.4), uniform distribu- 
tion of shear stress along the shear span has been assumed. When longitudinal 
shear significantly affects the behaviour of composite beams, as occurred in beams 
TR2T or TR2P, the performance of the beam may be assumed to remain fairly 
elastic before the shear crack occurs. Thus, this assumption is appropriate for a 
beam subjected to a concentrated load, for which, from the elastic theory [15], 
the shear force per unit length developed along a longitudinal surface of the 
beam Range is constant. To estimate Fk for the other load cases, it is reasonable 
to assume that distribution of shear stress along the shear span to be same as 
that of the vertical shear force. However, before making extensive application 
of this conclusion, it would be better to carry out further tests for other load 
arrangements, such as uniform load. 
9.2 Performance and failure of the specimens in 
tests 
As reported in Section 8.1, the behaviour of specimens at failure appeared to be 
not consistent in all the tests. The basic performance of the specimens for each 
test is recognized as follows. 
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9.2.1 TR2T1 and TR2T2 (shear connection failure) 
According to measured deformations of specimen TR2T, as shown in Figures 8.5 
and 8.6, the beam seemed to be not performing as one with full shear connection. 
From Table 8.2, it can be seen that the normal force on concrete slab (and the 
steel beam) Fp, as determined from the actual strength of the shear connection, is 
smaller than the elastic force Fel calculated for full shear connection; consequently, 
when the load reached PeI, R in the tests, slip at the tested end had became quite 
noticeable (about 0.9mm in TR2T1 and 2mm in TR2T2), as shown in Figure 8.6. 
Therefore, as implied in Figures 8.5 and 8.6, partial shear connection appears to 
have had a significant influence on the behaviour. Moreover, it is to be expected 
that, due to the considerable slip, the elastic calculation based on full shear 
connection would over-estimate the force developed in the steel beam (and the 
concrete slab), which was confirmed by measurement of the steel force in tests, 
as shown in Figure 8.19. So, it can be concluded that specimen TR2T behaved 
in tests as a composite beam with partial shear connection. 
Figure 8.6 shows that large slip occurred at the loaded end in the final stage of 
test TR2T1. Actually, when failure occurred, no significant damage was, observed 
in concrete. Although some diagonal cracks had appeared, the width of these 
cracks remained small; as mentioned in Section 8.2, these cracks were able to 
close up, on unloading just before failure occurred. Furthermore, the predicted 
Ppp, R had been exceeded in this test, as shown in Table 8.3. Therefore, it was 
judged that the failure of the shear connection, instead of longitudinal shear 
failure, occurred in test TR2TI. 
Since the maximum load obtained in test TR2TI was even higher than that 
in TR2T2 (see Table 8.3), the contribution to longitudinal shear resistance from 
the transverse sheeting in TR2TI is believed not less than that of A98 mesh 
in TR2T2. So, for longitudinal shear, the transverse sheeting performed like 
transverse reinforcement, as assumed in assumption (2) in Section 6.2.1. 
As shown in Figure 8.6, large slip also occurred in test TR2T2. At failure, 
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wide diagonal cracks were found on the bottom surface of the concrete slabi 
developing from the roots of the shear connectors; but, except for some diagonal 
cracks similar to those found in TR2TI, concrete on top of the slab was not 
impaired. Therefore, considering further that the maximum load in this test had 
almost reached the predicted Ppp, R (see Table 8.3), it can be concluded that, as 
in test TR2TI, the failure of the shear connection was achieved in test TR2T2. 
rrom tests TR2TI and TR2T2, it is concluded that, where sheeting is trans- 
verse to the steel beam, longitudinal shear failure will not normally govern the 
ultimate resistance of composite beams. This is because, if the shear span is 
short (say about a quarter of the beam span), the corrugations of the sheets will 
limit the number of shear connectors and the shear connection will fail before the 
longitudinal shear resistance in the same shear span is fully developed, while for 
long shear spans (say half of the beam span), the flexural failure will normally 
occur first. 
In Section 8.2, it has been reported that, at a late stage of test TR2T1 (P = 
190 kN), a longitudinal crack in concrete was formed in region BC as shown 
in Figure 7.2. Since the position of the crack was just over the studs and no 
reinforcement was supplied in the specimen except in the test region for TR2T2, 
this longitudinal crack was probably caused by the longitudinal splitting [1]. 
Since in test TR2T1 the maximum load was 14% higher than the predicted 
Ppp, R as given in Table 8.3, this splitting may not have weakened the beam. 
However, the occurrence of such a crack implies that transverse reinfocement 
should not be omitted completely from a composite beam; the provisions for 
minimum transverse reinforcement given in the design code[IJ should normally 
be followed. 
9.2.2 TR2P1 and TR2P2 (longitudinal shear failure) 
Although the maximum load obtained in test TR2PI just reached the predicted 
load for the ultimate plastic bending resistance PpI, R, as shown in Figure 8.7, the 
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measurements from strain gauges did not show the occurrence of full yielding 
over the full depth of the steel beam, either in test TR2P1 or TR2P2. Therefore, 
it is believed that flexure failural did not occur in these two tests. 
It was noticed in test TR2P1 that the concrete in test region HJ (as marked 
in Figure 7.3 did not crack longitudinally until the failure stage was reached. 
According to the appearance of the failure in test TR2P1, described in Section 
8.1, a pair of wide longitudinal cracks occurred at the final stage near the ex- 
pected weak surface of longitudinal shear, as marked in Figure 9.3(a), in test 
region HJ. The occurrence of this pair of cracks was almost immediately followed 
by a reduction in the load-carrying capacity of the specimen. For test TR2PI, 
there was no reinforcement in the test region HJ and, due to corrugation of the 
sheets, little transverse strength would be expected from such parallel sheeting, 
(as indicated in assumption (3) in Section 6.2.1), so, the failure behaviour shows 
that, for a composite beam with light or no transverse reinforcement, the tensile 
strength of concrete, as considered in assumption (4) in Section 6.2.1, did con- 
tribute significantly to the resistance to transverse tension from in-plane bending. 
Thus, for such a beam with parallel sheeting and no transverse reinforcement, it 
is to be expected that the failure of concrete in tension would directly lead to 
breakdown of longitudinal shear resistance in the beam. So, it is concluded that 
a longitudinal shear failure occurred in test TR2PI. 
Compared with test TR2PI, more diagonal cracks appeared in test TR2P2. 
According to the observation reported in Section 8.2, when the tested part of 
specimen failed, the diagonal cracks in the test region opened widely, and then, 
at the root of some cracks, concrete on the top surface of the slab was crushed. 
The wide cracks implied that the mesh in the tested part had yielded. Therefore, 
it is inferred that, in this test, the behaviour of beam TR2P in longitudinal 
shear was fairly close to that predicted by the truss analogy for longitudinal 
shear resistance in composite beams [1,71. Accordingly, it was concluded that the 
failure in this test was also in longitudinal shear. 
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As shown in Figures 8.8, considerable slips were obtained for both tests TR2PI 
and TR2P2. However, unlike tests TR2TI and TR2T2, concrete along the shorter 
shear span in these two tests was severely damaged when failure occurred, as 
shown in Figures 8.15 and 8.16. The probable cause for such damage is lon- 
gitudinal shear. So, it is thought that in these two tests, breakdown of shear 
connection might also occur eventually, but only after longitudinal shear failure. 
According to the tests interpreted above, failure in longitudinal shear appears 
in two patterns: 
(1) the tensile stress from in-plane bending causes a longitudinal crack in the 
concrete on the critical surface of longitudinal shear failure, and then the 
longitudinal shear resistance on this cracked surface is lost; the critical 
surface of longitudinal shear failure may be taken as that typified in Figures 
9.3 or 1.2, depending on the sheets used; 
the concrete between the diagonal cracks and the transverse reinforcement 
behave like struts and ties of truss [1,7], respectively; the failure can be 
caused by yielding of transverse reinforcement and failure of the profiled 
sheeting, possibly followed by failure in concrete such as local crushing at 
the root of a strut. 
Pattern 2 is more likely to occur in a concrete slab without sheeting, as, 
according to the crack observation reported in Section 8.2, the slab may be pen- 
etrated by the diagonal cracks, which would make concrete work like separated 
struts of a truss. For the concrete slab with profiled sheeting, the truss mecha- 
nism may not be formed, because the penetration of the diagonal cracks through 
the whole slab thickness may be prevented by the sheeting, as reported in Section 
8.2. 
An unexpected consequence in TR2PI was that, as reported in Section 8.2, the 
concrete slab in region JK (as marked in Figure 7.3) was longitudinally cracked 
in the middle of the test (when the load reached about 220 kN). The possible 
reason for this cracking may still be the in-plane bending. According to the de- 
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sign of beam TR2P as shown in Figure 7.3, within length HK, only the region 
within one metre from point J was covered by mesh A142. Thus, the develop- 
ment of the crack width (see Table 8.4) again gave the impression that, as stated 
in assumptions (2) and (3) in Section 6.2-1, when sheeting runs parallel to steel 
beam, it should not be considered to provide resistance to the transverse ten- 
sion due to in-plane bending. Based on this analysis, it is concluded that,, if the 
parallel sheeting can contribute to the longitudinal shear resistance, the contri- 
bution should be from its resistance to the direct longitudinal shear, as stated in 
assumption (3) in Section 6.2.1. 
Although the concrete was unexpectedly cracked in region JK in test TR2PI 
the behaviours of the beam as shown in Figures 8.7,8.8 and 8.20 seemed not to 
be significantly affected by such cracks. It is therefore considered that control 
of such cracks may be more important for the serviceability of the structure. 
Using the measured strengths of materials (Section 7.3) and specimen geometry 
reported in Section 7.2, the minimum reinforcement required to control cracks 
may be assessed according to Eurocode 4 (clause 5.3.3(2) and 5.3.4(l))[1]. The 
calculation shows that, for beam TR2P, 
(1) if no limits to crack width are specified, the minimum reinforcement is 
139 mm'/m, where the thickness of the concrete flange (clause 5.3.3(2) in 
Eurocode 4 [1]) was taken as 55 mm, as shown in Figure 9.3; 
(2) if the crack width is to be limited to 0.3 mm, taking the reinforcement stress 
as 450 N/MM2 (clause 5.3.4(l) in Eurocode 4 [1]) and the thickness of the 
concrete flange as 55 mm, the reinforcement area required may be up to 
185 mm 2/M or more. 
It can be noticed from Table 8.3 that the width of the longitudinal crack in 
region without mesh was developed considerably faster than that in the region 
with A142 mesh (Ae == 142 MM2/m), Therefore, it is concluded that, as stated in 
Eurocode 4[11, in controlling cracks in concrete of a composite beam for service- 
ability, the effect of profiled sheeting should be ignored and the minimum amount 
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of transverse reinforcement required by the code provisions should be supplied. 
9.2.3 TR1T, TR1P1 and TR1P2 (punching shear failure) 
It has been indicated in Section 8.2 that the failure in each of tests TRIT, TRIPI 
and TRIP2 was caused by a hole punched under the loading point. The punching 
shear failure that occurred in each of these tests would not necessarily occur in 
practice, where such heavy point loads do not occur. 
As presented in Section 7.2, specimen TRI for tests TRIT, TRIPI and TRIP2 
was a slab grillage. Since the strength of the concrete (fcu = 33 ' 37 N/mm) was 
considerably higher than the specification made for ordering (fcu = 20 N/mm2) 
(see Section 7.3), the slab was too strong and could sustain high load and, there- 
fore, large deformation due to yielding of steel occurred. However, under the test 
condition, the large deformation made specimen TR1 perform as a plate with 
nonlinear two-way action. Therefore, on one hand, specimen TR1 appeared very 
strong; as a result, only local failure (punching shear) was achieved in the tests; 
on the other hand, the behaviour of this specimen in the later stage of each test 
became over complicated, in relation to the objective of the test. 
In test TRIT (loading at B as shown in Figure 7.1), as the deflexion increased, 
the steel channels along edges Q-H and T-L, began to share the load with the 
tested part, since they were connected to the concrete slab, as shown in Figure 
7.9. This may be why -no sign of 
flexural failure appeared, even when the load 
was considerably higher than predicted Ppl, p,, as shown in Figure 8.1; and the 
force in the secondary steel beam calculated from the elastic state with full shear 
connection was higher than the measured results, as shown in 
Figure 8.17, 
For tests TRIPI with load at point F, (Figure 7.1), and TRIP2, both the 
deflexion-load curve and the slip-load curve, as shown in Figures 8.2 and 8.3, 
suggested that the ultimate bending resistance with full shear connection was 
not reached. In fact, calculations from simple beam theory 
[1,9,16], as presented 
in Table 8.2, show that the specimen may have performed in a way similar to a 
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beam with partial shear connection. However, before load reached Pel, R, as shown 
in Figure 8.3, the slip at the test was not very significant, so the estimation of 
steel force based on full shear connection, within the elastic limit, fairly close to 
the measured value, as shown in Figure 8.18. 
From Figures 8.2 and 8.3, it can be seen that higher load-carrying 0 capacity 
appeared in test TR1P2 than in TRIPI. The reasons for this are possibly as 
follows: 
- the load plotted in Figures 8.2 and 8.3 for test TRIPI was only the main 
load on point F (Figure 7.1); in fact, before the main load was applied for 
TRIPI, the specimen had been subjected to a secondary load (P = 35 kN) 
at point G; so compared with the case of the same conditions but no such 
a secondary load (test TRIP2), the maximum value of the main load in 
TRIPI should be obtained as smaller than that in TRIP2; 
- the loading position was changed several times in test TRIPI, as reported 
in Section 8.1, thus the test region LD as marked in Figure 7.1 may be 
weakened a little by repeated loading and unloading. 
It should be noted that, from the available test results, it was not possible to 
see clearly the effect on the behaviour of the specimen of the pre-existing longitu- 
dinal crack which was caused by the secondary load at point G. This is because, 
on one hand, no corresponding test without such a crack was conducted; on the 
other hand, as indicated above, the specimen performed in the late test stage like 
a two-dimensional plate with large deformation, which made the situation too 
complicated to reveal a clear picture about the performance of the specimen. 
However, from measurement of the steel forces. (Figure 8.18) and observation 
of development of the crack patterns in tests TRIPI and TRIP2, it seems that 
application of such secondary load has no significant influence on behaviour of 
the specimens in longitudinal shear. 
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9.3 Longitudinal shear resistances of the speci- 
mens 
The longitudinal shear resistance developed in the specimens may be studied 
from the measured steel force in each test as presented in Figures 8.17 to 8.20 
and Table 8.4. 
It should be noted that, in test TRIP1, as the main load eventually was moved 
to point F (see Figure 7.1), no strain gauges were available within the tested shear 
span (region LF); in order to take advantage of strain gauges No. 81 - 89 (see 
Figure 7.24) to obtain the steel force developed within the shear span LF, the 
assumption had to be made that variation of the steel force was proportional to 
that of the external bending moment Thus, f., for test TRIPI may be found as 
described in Figure 9.4. 
section with gauges No. 81-89 
p (main load, in kN). - 
Ps (= 35 kN, the secondary load) 
L Fýf I 
-H D(G) 
150 
1000 
ý500 
WE 5000 
M ý= 0.8 P+ 17.5(kN-m) 
M'= 0.77P + 20.1(kN-m) 
Let F be the steel force on section F, 
Fbe the steel force on the section 
with strain gauges No. 81-89; 
then, F is estimated from F as 
0.8 P+ 17.5 
F 
0.77 P+ 20.1 
When P> 65 kN, it may be further 
simplied that 
F= 0.810.77 F' (b) 
since the difference between (a) & (b) 
is then smaller than 5%. 
So the steel force, f, inUis obtained 
as 
fa -..,: 1.039F 
(kN/M) (C) 
Figure 9.4: Finding steel force for test TRIPI 
According to the test observations, the critical surfaces of longitudinal shear 
failure for ribs parallel or transverse to the steel beam may be taken as those in 
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Figures 9.3(a) or 9.3(b), respectively. Therefore, applying the theory established 
in Chapter 6, the longitudinal shear resistance of the specimens in each test can 
be calculated. 
Either the formulae proposed by Eurocode 4, as shown in equations (6.1) and 
(6.2), or those developed in Chapter 6, as shown in equations (6.22) and (6.43), 
directly give the longitudinal shear resistances on the critical surfaces as shown in 
Figure 9.3. In tests, only the force developed in the steel beam, rather than the 
shear force on such longitudinal surfaces, could be measured. Therefore, in order 
to make comparison between the theoretical predictions and the test results, the 
steel force which corresponds to the longitudinal shear resistances on the critical 
surfaces of longitudinal shear failure should be predicted as well. 
In Section 9.1, the relationship between shear force on the longitudinal surface 
, Fl., and the total 
bending force on the concrete slab, F, has been established by 
equation (9.3). Thus, from the equilibrium as shown in Figure 9.2, the steel force 
Fa should be equal to the concrete force F,, and it can be immediately obtained 
from equation (9.3) that 
F, 2 
bff 
Flg 
bff - br, 
(9.7) 
Applying equation (6.21) with n=0.15, Fa and F, may be obtained as follows, 
F, = Fý, = Fig(2 + 
bý, 
0.31 
(9.8) 
Therefore, if the longitudinal shear resistance vR for the considered longitu- 
dinal surface is determined with respect to the theory, such as equation 
(6.22), 
then, within the shear span 1, the corresponding force developed in steel beam 
may be assessed in terms of fig,,, = F,, 11, i. e, 
flg, 
a -":: VR(2+ 
b, 
0.31 (9.9) 
As the longitudinal shear resistanceVRcan be calculated by equations (6.1) or 
or (6.22) or (6.46), and the corresponding steel force can then 
be estimated 
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by equation (9.9), the examination of the theories for longitudinal shear resistance 
may be made by comparing the calculated values of fig,,, with the maximum steel 
force measured in each testý fa, max, reported in Table 8.4. 
According to the layout of specimens as shown in Figures 7.1 to 7.3 and the 
material strengths reported in Section 8.3, the theoretical resistances in longitu- 
dinal shear of the specimens for each test were calculated. Table 9.2 presents the 
results of such calculations, where fa, max given in Table 8.4 are also shown. In 
the calculations: 
the effect of the beneficial length, as discussed in Section 6.2.3, has been 
considered, so AO =A 0; 
in finding the contribution to vR from the sheeting which was parallel to 
steel beam, the shear bond stress via the embossments on the sheet web 
to the concrete, fb, as shown in Figure 6.8, was assumed as 0.5N /mm 2 
according to the span-load tables given in [14]; 
the weld diameter0do as used in equations (6.48) and (6.51) was taken as 
1.1d, where d(- 19 mm) was the diameter of stud shank. 
The ultimate load 101 g, R, based on the predicted longitudinal shear resistance, 
was also determined for each test, as shown in Table 9.3, where the maximum 
loads obtained in tests, Pe, maxý are also listed. In calculating Pig, ft, the 
bending 
momentMIg, R corresponding to VRwas calculated from the rectangular-stress- 
block analysis [16], as shown in Figure 9.5. 
The calculations from equations (6.22) and (6-43), as shown in Table 9.2, 
suggest that the longitudinal shear resistance of specimens for all the tests is 
governed by failure of profiled sheeting and transverse reinforcement, rather than 
crushing of the concrete. This is considered reasonable because, on one hand, 
no failure was initially caused by crushing of the concrete struts (see Section 
6.3.1) in any test; and on the other hand, in the specimens, only light transverse 
reinforcement (at most A142) was used. 
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Figure 9.5: Bending moment at longitudinal shear failure 
Table 9.2: Longitudinal shear resistance in each test 
in unit VR from Sections 6.2 & 6.3 vR from Eurocode 4 test value 
of by eq. (6.43) by eq. (6.22) by eq. (6.2) by eq. (6.1) 
kN/m VR flg, a *A, AO VR 
fig, 
a VR 
fig, 
a VR 
flg, 
a 
TR2T1 374 852 275 0.23 281 640 236 538 192 437 601 
TR2T2 344 784 225 0.24 284 646 202 461 193 440 449 
TR2PI 441 1212 368 0.22 348 958 220 605 93 256 1007 
TR2P2 374 1028 275 0.23 218 600 220 605 152 418 746 
TR1T 613 1362 168 0.11 425 944 370 822 322 715 515 
TRIP1 687 1994 336 0.25 405 1174 385 1116 201 583 800 
TR1P2 687 1994 1 329 0.25 438 1270 1 385 1116 227 658 1 945 
* this is the determined beneficial length xO (see Figure 6.1), in unit of mm. 
NOIE -b- 4n1 +b eff 
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Table 9.3: Failure load from longitudinal shear resistance 
Plg, R (kN) Pe, max 
VR from eq. (6-. 22) VR from eq. (6.1) (kN) 
(Section 6.2) (Eurocode 4) 
TR2TI 195 175 215 
TR2T2 195 176 186 
TR2PI 292 218 320 
TR2P2 263 242 300 
TRI T *240 237 300 
TRIPI 364 297 330 
TRIP2 373 307 385 
The failure load was taken as the ultimate load Ppl, R at which the plastic 
ultimate bending moment would be reached, this is because, this case, flg,,, l > 
Aafy i so the longitudinal shear resistance was determined to be so strong that 
the failure due to longitudinal shear would not occur. 
According to the performance of the specimens discussed in the last section, 
longitudinal shear failure occurred only in tests TR2PI and TR2P2, so the lon- 
gitudinal shear resistance on the longitudinal surface shown in Figure 9.3(a) may 
have been fully developed only in these two tests. As shown in Table 9.2, the 
measured maximum steel force fa, ýý,, x in tests TR2PI and TR2P2 suggest that 
the theoretical model established in Chapter 6 with consideration of the beneficial 
length can quite satisfactorily predict the longitudinal shear resistance. 
For comparison, the predictions of longitudinal shear resistances based on 
Eurocode 4 are also listed in Tables 9.2 and 9.3. One can see that, compared 
with the test results, Eurocode 4 [1] may be over- conservative - 
The tests on where the profiled sheeting was parallel to the steel beam strongly 
suggested that the code method under-estimates the longitudinal shear resis- 
tances. In fact, from the current version of Eurocode 4[l], no contribution from 
profiled sheeting to the longitudinal shear resistance should be considered if the 
sheeting is parallel to the steel beam. However, a, ccording to the interpretation of 
the performance of beam TR2P given in the last section, the test results shown 
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in Tables 9.2 and 9.3 lead to the conclusion that the parallel sheeting, associ- 
ated with the resistances from the concrete and transverse reinforcement to the 
transverse tension, can exert resistance directly in longitudinal shear. As stud- 
ied in Section 6.2, equation (6.22) has included the effect of parallel sheeting on 
the direct resistance to longitudinal shear, from which the calculation0f VRcan 
agree well withfa, imax in test TR2PI whose failure occurred in longitudinal shear. 
Therefore, it is concluded that, the contribution of the parallel sheeting to the 
longitudinal shear resistance should not totally be ignored. 
For sheeting transverse to the steel beam, the tests did not achieve the ulti- 
mate shear resistances, so it is still not clear from the test results to what extent 
the sheeting contribution as given by equation (6.48) can be increased. However, 
comparing test result from TR2TI (TRIT was severely affected by the two-way 
action, so it is not considered here) with the predictions, the contribution from 
transverse sheeting toVRcan prudently be estimated from equation (6.48). 
Compared with the code formula, equation (6.1), the predictions from equa- 
tion (6.22) include a higher contribution from concrete to the longitudinal shear 
resistance. In fact, the conservatism in the code formula exposed by the tests 
imply that a higher contribution from the concrete can be assumed. According 
to calculation and test results of TR2P1, TR2P2 and even TR2T1, as shown in 
Table 9.2 and 9.3, it is considered that 0.8Ac, ft for the concrete contribution, 
as given in equation (6.22), is more suitable than 0.625A, vft given in the code 
formula (equation (6.1)). 
Although no longitudinal shear failure was initially caused by concrete crush- 
ing and, therefore, direct investigation could not be made for the longitudinal 
shear resistances governed by strength of the concrete struts, as determined by 
equation (6.2) or (6.43), the measured maximum steel force f,,,. x from tests 
TR2PI, TR2P2 and even TR2TI show that the code prediction based on equa- 
tion (6.2) can be increased further. Therefore, according to what was analyzed 
in Section 6.3 and the test results on beams TR2T and TR2P, equation (6.43) is 
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recommended to determineVRcontrolled by the longitudinal shear failure due to 
crushing in concrete struts. 
9.4 The recommendations for design 
In finding longitudinal shear resistance in a flange portion of composite beam in 
Chapter 6, the effect of the beneficial length xO was studied by taking a concen- 
trated load into account, as shown in Figure 6.1. It should be realized that the 
consideration of the effect from xO on longitudinal shear resistance, as accounted 
in term of AO in equation (6.22), is only an exploration; although the results from 
a limited number of tests with longitudinal shear failures (TR2P1 and TR2P2) 
support such an idea, further study still needs to be taken. So, at the current 
stage, it would be appropriate to ignore the effect of xo when recommending the 
formulae for design practice. 
If the possible beneficial length xO is not considered, then it can be seen that 
the ultimate state of longitudinal shear resistance, as shown in Figures 6.1 or 
6.4, is idealized by plasticity in the materials. Therefore, if considering that, for 
different load arrangement, the same plasticity in materials would be achieved 
eventually, as recognized in plastic theory of bending resistance etc, then longi- 
tudinal shear resistance as determined here may be regarded as applicable to the 
various common loads, such as uniform and concentrated loads, and it may be 
expected that, in the ultimate stage, a composite beam subjected to such loads, 
may perform in the similar way to those tested in this study. 
In Section 6.4, to determine the resistance developed in profiled sheets to 
direct longitudinal shear, vp,, the effect of shear bond stress fbwas considered, 
as shown in equation (6.50) or (6,51). According to the load-span tables given in 
[14], fb for the sheets used in this experimental work is assumed as 0.5 N/mm 
21 
and, according to dimensions of the sheet shown in Figure 7.5, Aeb (the shear bond 
area per unit length along the beam span) may be taken as 54 mm2/mm for the 
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specimens. Thus, the shear bond stress would contribute 27 N/mm (27 kN/m) 
to the total longitudinal shear resistance; compared with the whole longitudinal 
shear resistance determined from equation (6.22) or (6.43), as shown in Table 9.2, 
this contribution appears to be not significant. So, considering that the design 
shear bond stress may not be explicitly available for various type of sheets in 
design codes, the effect of fbAebon vp, may be neglected for simplicity. 
Hence, according to Sections 6.4 and 6.5, a method of determining VR for 
design purpose is presented as follows. 
On the longitudinal surface of potential shear failure, the shear resistance is 
vR -:: -- 0.8ft A, + 
Aefs + Vp 
or 
VR = 0.3fS,, + 0.4vp, 
whichever is smaller. 
(9.11) 
In equations (9.10) and (9.11), A, and S, are the mean cross-sectional area 
per unit length of beam of the concrete shear surface under consideration, but 
A,, includes the rib area, if any, while Sc, excludes the rib area; vp and vp,, are 
the contribution of the sheeting, as given below; the other symbols have the same 
meanings as those used in equations (6.1) and (6.2). It should be also noted that, 
compared with equation (6.53) or (6.43), the factor 0.34 for the concrete term is 
simply taken as 0.3 in equation (9.11). 
The contributions of profiled sheeting vp and vp, may be determined such 
that , 
(1) if profiled sheeting with ribs transverse to the beam is discontinuous across 
the top flange of the steel beam, and stud shear connectors are welded to 
the steel beam directly through the profiled sheets, then 
vp = (I + a/Odo)Odolfyp/-9 
but (1.0 + a/Odo) :54.0 
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where the symbols used are as in equation (6.48); 
if profiled sheeting with ribs transverse to the beam is continuous across 
the top flange of the steel beam, then 
vp = Apfyp 
where the symbols are as in equation (6.45); 
(3) if profiled sheeting runs parallel to the span of steel beam, then 
vp = 3.150dolfyp/S 
but vp .50.16S,, 
f,. 
(9-13) 
(9.14) 
(4) In situations where profiled sheeting either transverse or parallel to the steel 
beaml Vpc is taken as vp in (3) (see discussion in Section 6.3.3). 
Apart from applying equations (9.10) to (9.14) to determine longitudinal shear 
resistance for design, it is suggested that the other design rules given in Eurocode 
4 should be not altered. Therefore, for design in practical engineering, 
(1) the rules given in Eurocode 4 for minimum amount of transverse reinforce- 
ment apply; 
(2) the reduction factor 71 for strength of light-weight concrete, as given in 
Eurocode 4, should be applied to f, and ft in equations (9.10) and (9.11), 
if light-weight concrete is used; 
(3) as in Eurocode 4, studs should be located such that a> 
20do 
- 
As discussed in Sections 9.2.1 and 9.2.2, performance of beams TR2T and 
TR2P showed that the minimum amount of transverse reinforcement should be 
retained in composite beams to prevent longitudinal splitting and to control de- 
velopment of crack width. 
The test results were all from the specimens fabricated with normal weight 
concrete. However, according to the analysis given in Chapter 6, the influence 
of the concrete on longitudinal shear resistance may be regarded as from the 
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Table 9.4: Longitudinal shear resistance from design formulae (kN/m) 
vit from new VR from test result 
design method Euro code 4 obtained failure 
VR figla VR flg, a 
fa, 
max type 
TR2TI 229 522 192 437 601 Isc 
TR2T2 230 524 193 440 449 
TR2PI 259 712 93 256 1007 2 LS 
TR2P2 178 490 152 418 746 
TRIT 382 848 322 715 515 
TRIPI 297 862 201 583 800 3pS 
TRIP2 323 936 227 658 945 
shear connection failure 
longitudinal shear failure 
3 punching shear failure 
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strength only, so it is concluded that equations (9.10) and (9.11) are applicable 
to composite beams with light-weight concrete, but the reduction factor 71 for f, 
and ft as given in Eurocode 4 should be used. 
As shown in Figures 7.1 to 7.3, in all the specimens, the distance between the 
centre of stud to the sheet edge, a, broke the rule that a> 20do) but the test 
results showed that this seemed not to influence the behaviour of the specimens 
significantly. However, in absence of a comprehensive investigation from both 
theory and experiment of this problem, it is considered that the practical design 
should still follow the code provision that a> 20do- 
According to observations made in the tests, it is suggested that the longitu- 
dinal surface of potential shear failure should be taken as that shown in Figure 
1.2 or 9.3, depending on the shape of sheets. 
Using the design method given above and equation (9.9), the longitudinal 
shear resistances of the specimens tested and the corresponding forces fig,,, de- 
veloped in steel beam have been re-calculated, as shown in Table 9.4. 
According to the rules given in the new design method and Eurocode 4, for 
the tests listed in Table 9.4, equations (9.10) (new design method) and (6.1) 
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(Eurocode 4) are used in all the cases to calculateVR, 
Since, except for tests TR2PI and TR2P2, no longitudinal shear failure was 
achieved in the tests and, therefore, the real longitudinal shear resistance in 
the tests except TR2PI and TR2P2 was not fully developed, then it can be 
deduced from Table 9.4 that the new design formula, equation (9.10), still give a 
conservative prediction for the longitudinal shear resistance. However, since the 
number of tests was limited, prudence would be still needed in taking advantage 
of this study. 
From the push-off tests, Hofeck et al [2] found that, on cracked surfaces in 
reinforced concrete, the shear strength was a combination of cohesion and friction 
effects, with an upper limit to shear strength of 0.3f, or 10.3N/mm 
2 (whichever 
was smaller). Sen [41 further pointed out from Hofeck's tests that, in applying 
the "fri ction- cohesion" model, as shown by equation (6.3) or (6.4), to determine 
the shear strength of reinforced concrete on a cracked interface, the upper limit 
of the reinforcement strength may be taken as 
mznfO. 3f,, 10.3N/MM21 
The new design rules, as given by equations (9.10) and (9.11)) have a condition 
that 0,8ftA,, + A, fr, + vp may not exceed 0.3fS,, + 0.4vpc. 
Assuming that ft -, --o 0.125f, (= 0.1fu), then for composite 
beams with solid 
slabs (vp = vp, =0 and S,, = A,, ), condition 
(9.15) gives Afr, < 0.2Acvfc. 
Furthermore, as f, rarely exceeds 50N/mm 
2 [1], then A, L/A, v as controlled 
by 
condition (9.15) would be not exceed 1ON/mm 
2. Thus, comparing these results 
with condition (9.15), it follows that equation (9.11) should provide a reasonable 
upper limit for the prediction of longitudinal shear resistance. 
Compared with the formulae of Eurocode 4 (Equations ý(6.1) and 
(6.2)), the 
new recommendations make the following improvements: 
(1) the contribution from concrete tensile strength to 
longitudinal shear resis- 
tance is increased from 0.625A,, f,; t to 0.8A,, fct, as shown in equations 
(6.1) 
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and (9.10); 
(2) the resistance of concrete to crushing is increased from 0.2A,, fc to 0.3A,, fc, 
as shown in equations (6.2) and (9.11); 
(3) the contribution from sheeting parallel to the steel beam to longitudinal 
shear resistance (which is ignored by the code) is considered, determined 
by equation(9.14); 
(4) the contribution of profiled sheeting to the longitudinal shear resistance 
governed by concrete crushing is 0.4vpc (vpc is determined from equation 
(9.14) for both parallel and transverse sheeting), instead of vp/V"3-, as shown 
in equation (6.2), which is for transverse sheeting only, with vp determined 
from equations (9.12) or (9.13). 
The new design method (equations (9.10) and (9.11)) and Eurocode 4 formu- 
lae (equations (6.1) and (6.2)) are now compared graphically. 
The more concerned case for the transverse sheeting in design may normally be 
that it is discontinuous over the steel beam. When sheeting is discontinuous over 
the steel beam but fixed to it by welded studs, the contribution of the sheeting 
vp in equation (9.10) is found from equation (9.12); according to the condition 
attached for using equation (9.12), vp in degisn will not be determined greater 
than 4.00dotfyp/-5; and the other hand, the design rule gives that a> 20do so, in 
design, vp will usually be determined not smaller then 3.00dotfyp/S- Compared 
these values with vp, used in equation (9.11), which is found from equation (9.14) 
(see statements after (9.11)), it can be assumed that, for the transverse sheeting 
discontinuous over the steel beam, the values of vp and vp, will be fairly close to 
each other. Furthermore, in the design method recommended above, Vpc would 
be determined as equal to vp when sheeting runs parallel to steel beam. 
Therefore, the simplification that vp, = vp is made in presenting the design 
curves. 
For sheeting transverse to the steel beam, the design formulae are as in Figure 
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9.6, where the conditions are further specified as: (1) fct = 0.1fu = 0.1(f, 10.8); 
(2) S,, IA,, = 0.7. In Figure 9.6, the following symbols are employed: 
Ae fs 
LAI - 
Acvfc 
For sheeting parallel to the beam, the longitudinal surface of potential shear 
failure is usually that beyond the rib area (see Figure 9.3(a)), so S, can always 
be assumed to be equal to A,,. Therefore, taking ft = 0.1(f, 10.8) and using the 
same symbols as in Figure 9.6, the design curves are given in Figure 9.7. 
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Figure 9.6: Design curve of longitudinal shear resistance (transverse sheeting) 
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Chapter 10 
Conclusions for resistances of 
composite beams to longitudinal 
shear 
A study has been carried out to investigate the behaviour in longitudinal shear 
of composite beams with and without profiled sheeting. A model has been es- 
tablished for the effect of profiled sheeting, from which the longitudinal shear 
resistances of the flange portion of a composite beam may be determined for 
the two conditions: (1) failure (yielding) of transverse reinforcement and profiled 
sheeting; (2) crushing of the concrete struts. In addition to the theoretical anal- 
ysis, seven tests were conducted on one composite slab grillage and two isolated 
composite beams. Eurocode 4 was taken in this study as the base for the compar- 
isons and improvements. The study is considered to be applicable to the common 
situations in composite beams within the scope of the code [1]. The conclusions 
from this study are as follows. 
1. Two patterns of longitudinal shear failure in composite beams have been 
found from the tests: (1) the tensile stress from in-plane bending causes a 
longitudinal crack in concrete on the critical surface of longitudinal shear 
failure, and then the longitudinal shear resistance on this cracked surface 206 
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is lost; (2) the concrete between the diagonal cracks and the transverse 
reinforcement behave like struts and ties of a truss, respectively; the failure 
can be caused by yielding of transverse reinforcement and failure of profiled 
sheeting. Pattern 2 is more likely to occur in a composite beam without 
sheeting. 
2. As the corrugation of the sheeting would limits number of the shear connec- 
tors that can be used, for the situation of sheeting transverse to the steel 
beam, longitudinal shear failure does not normally occur prior to failure of 
the shear connection or failure in bending. 
3. The minimum amount of transverse reinforcement required by Eurocode 4 
should be provided to prevent longitudinal splitting and control the devel- 
opment of crack width. 
4. In predicting the longitudinal shear resistance in composite beams, the 
formulae adopted by Eurocode 4 [1] seem over- conservative, especially the 
neglect of the effect of the profiled sheeting when it runs parallel to steel 
beam and is attached to it by welded studs. 
5. Where sheeting runs transverse to the beam and is continuous over the top 
flange of the steel beam, or is discontinuous but fixed to the steel beam by 
studs welded through directly, its effect on longitudinal shear resistance may 
usually be considered to be the same as that of transverse reinforcement, 
as treated in the code [1]. 
6. Where sheeting runs parallel to the beam and is fixed to steel beam by 
studs welded through directly, its effect on longitudinal shear resistance 
should be considered, as the sheets can develop significant resistance to 
direct longitudinal shear. 
7. For design, the longitudinal shear resistance on longitudinal surfaces of 
potential shear failure of composite beams may be determined with the 
formulae developed in this study, as given by equations (9.10) to (9.14). 
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8. The longitudinal surface of potential shear failure can be taken as that 
shown in Figure 1.2(b) if sheeting is transverse to the steel beam, and that 
shown in Figure 1.2(a) or 9.3(a) if sheeting is parallel to the steel beam, 
depending on the shape of the profile of the sheeting. 
9. If a concentrated load is applied to a composite beam which is originally 
uncracked, the first concrete crack caused by longitudinal shear is normally 
formed near the support of beam and then develops diagonally, and the 
load value corresponding to this crack may be estimated by equations (9.4) 
to (9.6). 
10. For beams subjected to a concentrated load, this study also explored the 
possible situation that the transverse shear force Q (see Figure 6.1) on 
the cross-section with the maximum bending moment Mm,, x was not zero; 
according to the theoretical analysis, taking such a condition into account, 
resistance to longitudinal shear in the shear span considered is increased. 
Compared with the test results, it seemed that such an favourable effect 
can be considered; however, to apply this idea generaly, further study is 
needed. 
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Appendix A 
Non-central t-distribution and 
fract ile- factors 
It has been shown in Sections 2.2.2 and 2.3 that the design fractile-factor kd 
should be found from equation (2.32) or, more generally, (2.57). The factor kb 
there should be determined with respect to the number of test specimens included 
in the group considered. 
As discussed in Section 2.2.2, kb is used for V6 only (see (2.32) or (2.57)) 
and, therefore, can be regarded as only depending on the relative variation of the 
real resistance to the theoretical model, while such variation does not associate 
with the uncertainties of the basic variables. So, in determining factors kb, the 
uncertainties of the basic variables are ignored and the theoretical resistance rt 
is simply regarded as its mean valuegR(X). Accordingly, from assumption (5) in 
Section 2.2.1, it can be further assumed here that b -- r/rt = rlqR(--k) follows a 
log-normal distribution, or 
r In 
9R(X) 
(A. 1) 
follows a normal distribution with unknown mean py and standard deviation (7y. 
Based on a group of n test specimens, the estimators of py and ay, denoted 
by Y and sy, can be found as follows, 
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1n 
-Eyi (A. 2) n =, 
n 
T(Yi -)2 y (A. 3) 
where yi = In(r, j/rtj) is the ith observation of y from the test result of specimen 
i with i= 11 ý 
From (A. 2), (A. 3) and the properties of a log-normal distribution [371, an 
alternative way, rather than equations (2.25) and (2.26), for estimating the mean 
correction ý and coefficient of variation V6 can be given as 
b= exp(- + 0.5s 
2) (A. 4) yy 
V6 = 
VC-Xp(. 
SY2) (A. 5) 
It should be noted that, usually, the estimators of b and V6 based on (2.25) and 
(2.26) may not be fully consistent with those from (A. 2) to (A. 5) unless r,, /rt, = 
ren/rt.,,. However; when V6 calculated from (2.26) appears sufficiently small 
(Vb 0 means r,, /rt, ren/rt,, ), the estimators obtained from (A. 2) to 
(A. 5) may be assumed to be the same as those from (2.25) and (2.26). For 
bending resistances of composite beams to which V6 < 0.1 is obtained based on 
(2.26)(see Chapter 4), the calculation can show that the differences between the 
results from (2.25) to (2.26) and (A. 2) to (A. 5) are less than 4% and 0.1% for V6 
and b, respectively, and, therefore, can be ignored. 
Setting kbas the fractile-factor for the design resistance rb (subscript b denotes 
that the analysis does. not consider the randomness in the basic variables), then 
it is obtained that 
rb : -- 
bgR(X)exp(- kbsy - 0.5s 
2 
y 
(A-6) 
Since y defined in (A. 1) follows a normal distribution and its mean and stan- 
dard deviation have been estimated as y- and sy, respectively, the probability Pf 
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that the resistance is smaller than rb can be assessed as follows, 
Pjr < rbf = Pf Ply < y- - 
kbSy I (A. 7) 
where, P1. - -1 represents the probability of event 
However, in estimating y- and sy, the number of test specimens in the group 
considered is usually limited, so the determination of the failure probability Pf 
from equation (A. 7) should be made by imposing a confidence level c, such that 
[38]) 
PfPfr < rbl <- Pf I"6 (A. 8) 
From equation (A. 7), it yields 
Pf =Pfy-py <y- 
kbSy 
- Py (A. 9) 
07Y Uy 
z 
Figure A. 1: Fractile-factor and probability of the standard normal distribution 
Obviously, Z= (y - py)luy follows the standard normal 
distribution. So 
equation (A. 9) can determine a fractile-factor Z= 
Zpf = -Zl-p, when Pf is 
specified or vice versa, as shown in Figure 
A. I. According to the theory about 
the sample inspection [37,38], it can 
further be obtained from (A. 7) and (A. 9) 
that 
219 
r< rb Pf 
Y- kbSy - py 
UY 
where 
I 
-E yi 
:5 
n 
Dy Y)2 SY 
(A. 1O) 
(A. 11) 
(A. 12) 
and Yi (i = 1, ---, n) is the random variable corresponding to observation yi of 
y, having the same- distribution as y. 
With respect to the equivalent condition shown in (A. 10), the confidence level 
r- given in (A. 8) can be turned into 
PfPfr < rbl :5 Pfj = Pf 
y 
(TY :5 -Z, -Pf 
I (A. 13) 
Therefore, the following relationship can further be derived from equation (A. 13): 
PIt < Vn-kb I ý-- 6 (A. 14) 
where 
py)luy + vfn-Zl-p, (A. 15) 
SY/UY 
follows the non-central t-distribution with n-1 degrees of freedom and non- 
central p4rameter Vn_Zj_p, [38,391. The comprehensive study of the non-central 
t-distribution has been carried out, as described in Reference [39]. 
As shown in Figure A. 1, Zj-p, is related to the failure probability Pf through 
the standard normal distribution. Therefore, from a non-central t-distribution, 
the fractile-factor kb can be related to the confidence level c, group size n and 
the failure probability Pf, such that 
Pf =I -f 
Zi -P' exp(-0.5z')d, -/vlr2--x --00 (A. 16) 
e == fý: 'kbpt (n - 1, Vn Z, -pf , 
t) dt 
- 
kbSY - /iy 
whereý pnt(n - 1, Vn-Zl-p,, t) denotes the probability 
density of the non-ccrtral 
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Table A. 1: Factor kbwith Pf = 0.12% at c=0.75 
n 2 3 4 5 6 7 8 9 10 11 
kb 9.52 5.72 4.83 4.44 4.20 4.05 3.95 3.86 3.80 3.74 
n 12 13 14 15 16 17 18 19 20 21 
kb 3.70 3.66 3.63 3.60 3.58 3.55 3.54 3.52 3.51 3.49 
n 22 23 24 25 26 27 28 29 30 31 
kb 3.47 3.46 3.45 3.44 3.44 3.43 3.43 3.42 3.42 3.41 
n 32 33 34 35 36 37 38 39 40 41 
kb 3.40 3.40 3.39 3.39 3.38 3.38 3.37 3.36 3.36 3.35 
n 42 43 44 45 46 47 48 49 50 51 
kb 3.35 3.34 3.33 3.33 3.32 3.32 3.31 3.31 3.30 3.30 
n 52 53 54 55 ... oc 
kb 3.30 3.29 3.29 3.29 ... 3.04 
variable t, whose details can be found in Reference [391. 
With reference to the instruction given in [33], for the design resistance, the 
failure probability Pf and the confidence level imposed on it c may be taken as 
0.12% and 0.75, respectively. Thus, from the tabulated data in References [33, 
39], the fractile factor kb, as used in equation (2.32), can be determined according 
to equation (A. 16) and group size n. Table A. 1 shows these results. 
Appendix B 
Coefficients of variations of the 
basic variables 
In finding the coefficient of variation V, for equation (2.27), the values of the 
coefficients of variations of the basic variables, as denoted by Vxj (i = 1, '.. ý J) 
in Section 2.2.2, need to be known in advance. Since the present analysis for 
reliability in the structural resistances are intended to be applicable to practice, 
Vxj (i = 1, ---, J) are required to be those found in practice, not in laboratories 
where test specimens are made. 
As is well known, methods of testing materials, curing procedures for con- 
crete, and tolerances on structural steel can vary from country to country. The 
geometric tolerances on concrete members may even vary from site to site. Com- 
monly, the coefficients of variation of geometric dimensions tend to decrease as 
size increases. Therefore, the coefficients of variation for the basic variables may 
actually not appear consistent in all cases, and the use of a single value for Vxi 
(Z = 1, ---, J) in this study should be regarded as an approximation. 
As indicated in [40], reported data of this subject are, inevitably, not com- 
prehensive. The coefficients of variation referred in this study adopt the values 
given in Table B-1, which are assumed according to References [31,33,35,36], par- 
ticularly [31] which are based on the most extensive study of this problem known 
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Table B. I: Coefficients of variation of basic variables 
Variables Coefficients of 
variation 
yield strength of steel fy Vfy 0.08 
Young's modulus of steel E,, VE 0.04 
compressive strength of concrete f, Vf, 0.15 
Young's modulus of concrete Er VEc 0-10 
yield strength of reinforcement Vf, 0.10 
tensile force in longitudinal reinforcement A r, fr, 
VA,, fs =0- 10 
ultimate tensile strength of studs fu fu = 0.08 
all linear dimensions of a steel cross-section 0.04 
area of a steel cross-section A,, 
VAa = 0.04 
plastic modulus of a steel cross-section 
Wa Vw,, 0.04 
inertial moment of a steel cross-section 
la VIa 0.04 
breadth of concrete slab bc 
Vbc 0,008 
depth of concrete slab h, 
Vhc 0.04 
position of reinforcement h,, 
Vhs 0.10 
diameter of shank of welded stud d 
Vd 0.04 
to the author. 
Appendix C 
Coefficients of variation of 
0 
resistance functions for 
composite beams 
In this thesis, the reliability analysis of bending resistances is given to the beams 
represented by four groups defined in Section 3.1.2. For beams in group A (sag- 
ging bending with plastic neutral axis in the concrete slab), the resistance func- 
tion has been shown in equation (3.2), and the coefficient of variation, V, is 
formulated in (3.3) to (3.5). The relevant formulae for the other groups are now 
given. 
In the following presentation, the coefficients of variation for basic variables 
(see Appendix A), A, fy etc. are denoted VA,,, Vfy etc., and the superscript bars 
stand for mean values. 
C. 1 Hogging bending with plastic neutral axis 
in steel web (group B) 
As shown in Figure C. 1, the resistance function is developed as [1,611, 
223 
C-1 Hogging bending with plastic neutral axis in steel web (group B) 224 
rt --= 9R(X) = Wjy + Aýf ,, 
(hr, + hna 4t, fy 
where W,, is the plastic section modulus of the steel sectioný hnais the depth of 
plastic neutral axis of the steel section alone, and the other notations are defined 
in Figure C. I. it is noted that h.,, is not necessarily equal to the distance from 
the top surface of top steel flange to the centre of area of the steel section, hg, 
area of reinforcement 
h, 
f 
na 
- 1-1 - tic neuft-al axis - 
t, 
=Posite 
section) 
plastic neutral axis I 
I (steel section) 
2f 
W, f 
Figure C. I: Hogging bending of composite beams in full shear connection, plastic 
neutral axis in steel web 
Applying equation (2.28) to the resistance function (C. 1), it yields 
rl)2 
+ [( 
r 
)2}1 -V ]2 +v ]2 + (- -V )2+(-V 
Vrt 
- 
ri r2 rlr2 r6 r3r4+ 2r6) r4 r6 2- -- 
)Vr2 
r3 r3 r4 
2-/- ri r2 r3r4 r3 r5 r2 
(C. 2) 
where 
ri = Wa Vr vwa 
r2 == fy Vr2 Vf y 
f, 
2 (C. 3) r3= Af, Vr3 
FVA 
fs 
2 
h, + h- 
ýV2 
h,, 
2+ VI 2 hna 2 1(h, + hna) 4 na Vr4 hs h. a 
f-5 =-1/ (4t, ) V,, = Vt, 
and 
plastic force of reinforcement 
I F, = A, f, 
-2- r6 = r3 r5/r2 (C. 4) 
fy yield strength of steel 
C. 2 More bending situations of composite beams with full shear connection 225 
C. 2 More bending situations of composite beams 
with full shear connection 
Apart from the beams represented by the groups A and B, the coefficients of 
variation, V, for the other cases of plastic bending of composite beams with full 
shear connection are also formulated, and are presented below. 
C. 2.1 Sagging bending with plastic neutral axis in the 
steel top flange 
The plastic stress distribution is shown in Figure C. 2, and, accordingly, the re- 
sistance function is [611, 
rt Aafyhg + 0.425bch 2 fc c 
he 
I 
+ý 
tf 
hg 
section 
a 
fy 
(Aa fy- 0.85b, h, f, )2 
4bf fy 
5c 
2fy 
stress 
fy 0 
(C-5) 
Figure C. 2: Sagging bending of composite beams with full shear connection, 
plastic neutral axis in top steel flange 
Usually, the thickness of steel flange, tf, is much smaller than the dimension 
hgý which makes the last term of equation (C. 5) negligible, so, the resistance 
function may normally be simplified to 
rt 
2 fc (C. 6) =:: Aafyhg + 0.425bchc 
plastic neutral axis 
According to (C. 6), coefficient of variation of rt can be given as 
bc 
bf 
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where 
2V2 2V2 
Vrt 
ri rl 
+ r2 r2 
(C. 7) 
r-I + r-2 
ri = 
Aafy hg 2+ V2 v2 +v 
kc2f 
vri vvýa ff 
y (C-8) 
c bc c 
FV 222 = 0.425ýc + 4Vý + Vic r2 
Vr2 
bc 
C. 2.2 Sagging bending with plastic neutral axis in steel 
web 
As shown in Figure C. 3, the resistance function is [61]: 
rt = 9R(2C) = Wjy + 0.85b, h, f, ( 
h, 
+ hna - 
0.85bh, f, (C 
-9) 2 4t, fy 
bc 
bf 
-F- 
plastic neutral a3ds 
C- t, 
section 
-INP 
W fy a 
Figure C. 3: Sagging bending of composite beams with full shear connection, 
plastic neutral axis in steel web 
From equation (2-28), V,, for the resistance function (C. 9) can be determined 
as 
)2Vý +22--222 V- +(0.5 V,, Vrt rlr2 ri I F2 r8 r2 T3 T4 
+ 77+2 r8 
r5 
2 )2V2 +- 2V2 +(r3r4 + r7+ 2r8 14 r7 
2V2]1 
_2+ 
r3r4(0.5r4 + r5 + r3r4r6/r2)] + r8 r6 
ri r2 
0.85fe 
10) 
where 
fy 0 stress 
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and 
(C. 11) 
r7 = r3r4r5 
--2-2- r8 = r3 r4 r6 r2 
C-2.3 
(C. 12) 
Hogging bending with plastic neutral axis in the 
steel top flange 
ri = Wa Vri = vw 
r2 = 
fy Vr2 
= Vf 
y 
r3 - 0.85b, f, V, 3 
2 + V2 
Vv 
fc 
r4 = 
kc Vr4 
= Vhc 
r5= hna Vr5 = Vh,,,, 
r6 = -0.25fw 
Vr6 
= vt 
w 
Figure CA shows the stress distribution for the plastic bogging bending concerned 
here. According to simple plastic theory [61], the resistance function can be 
written as 
rt = gR(X) = Aafyhg + A, f,, h,, 
ý- 
bf --ý 
G-0: 
hg 
e tf 
4 
section 
rinforcement 
plastic neutral axis 
Aa fy 
(Aafy - Aj, 
)2 
4fy bf 
0 
As fS 
--b. 
2f 
y 
stress 
fy 0 
Figure CA: Hogging bending of composite beams with full shear connection, 
plastic neutral axis in steel top flange 
Compared with dimensions hg, the thickness of steel flange, tf, is normally so 
small that the last term in the resistance function can be neglected. Therefore, 
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(C. 13) may be simplified as 
rt = gR (X) = Aa fy hg + Aý f,, h, (C - 14) 
which gives 
2V2 +- 2V2 
Vr 
t 
rl ri 7'2 r2 
(C 
- 15) r-, + r-2 
where 
2 , 2a + V2 2 ri = Aafyhg Vl 
Vv 
(+vg fy 
= Asfhr, V, 
Vv 2+ V2 v2 r2 2+v 
C. 3 Beams with ductile partial shear connec- 
tion (group 
As shown in Figure 3.3, two theoretical models, equilibrium method and linear 
interpolation, for plastic bending resistances of beams represented by group C 
have been used in practice [1,16]. The resistance functions from these models 
and the coefficients of variation of the theoretical resistances are now given. 
C. 3.1 Equilibrium method (second neutral axis in the steel 
top flange) 
According to the plastic theory [1,16], there are two neutral axes in the composite 
section, the first neutral axis within concrete slab and the second in the steel 
section. 
When the second neutral axis lies in the steel top flange, as shown in Figure 
3.3, the equilibrium conditions lead to the theoretical resistance as 
rt == -qR 
Aafyhg + NPR(hc - 
NPR (Aafy- NPR)2 
1.7bcf, 4bf fy 
where, PRfor this study is given by equation (3.12). 
Therefore, using equation (2.28), the coefficient of variation V, for this resis- 
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tance function can be obtained as follows, 
Vr t= 
where 
Q2a+ Q2 + Q2 + Q2 + QE2 + Q2 + Q2 + Q2 A fy cl hg + Q2 C fc hc bc bf 
1 +2123(1-0-k'2) 
- 24(l - Zl) 
2 
Ppt = 0.2 9ak ýP ýfEe, 
zi = (NPR)/(, 4afy) 
Z2 =(NPR)1(0.85f, 6, -h, ) 
Z3 Ac/Ag 
Z4 Äa/(4ýf bg) 
and 
QA, z--- [I - 
2Z4(l 
- Zl)IvAa 
_ Z12)]V Qfy [I - Z4(l fy 
Qcl 2z, [Z3(l - Z2)+2Z4(l - Zl)lvcl 
Qhg Vhg 
QEc Zl[Z3(l - Z2)/2 +Z4(l - Zl)]VEc 
Qf, Zl[Z3/2+ Z4(l - Zl)lvf, 
Qh, ZlZ3Vh, 
Qb, (ZlZ2Z3/2)Vbc 
Zl)2V I Qbf Z4 bf 
C. 3.2 
(C-18) 
(C. 19) 
(C. 20) 
Equilibrium method (second neutral axis in steel 
web) 
When the second neutral axis is in the steel web, as shown in Figure C. 5, the 
resistance function based on the equilibrium method can be written 
rt = gR(X) = Wafy + NPR(hna + h, ) - NPR( 
NPR 
+ 
NPR 
1.7b, f, 
where, PRis given by equation (3.12) and W,, is the plastic modulus of the steel 
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section. 
bc 
hc 
hp 
hna 
plastic neutral axis 
(steel section alongj 
Section 
first neutral axis 
second neutral axis 
NP, Q 
fy ____j 0 
Stresss 
0.85f 
NPR 
Waf 
Figure CA Sagging bending of composite beams with ductile partial shear con- 
nection, second neutral axis in steel web 
Applying equation (2.28), it yields 
Vrt 
= 
/Q2 + Q2 + Q2 + Q2, + Q2 + Q2c + Q2 + Q2c Q2 Wa fy h,, a E fl; hdb+ tw 
I+ 2z, (I+ Z3 - Z4 - Z2 Z3/2) 
where, 
PRandZ2 
are given in equation (C. 19), and 
Qw,, - vw,, 
Qf, = (I + 2zlZ4) Vfy 
Qh. 
z, 
2zlVh.,, 
QE, Zl(l + Z3 2Z4 - Z2Z3)vEc 
Qfc Zl(l + Z3 2Z4)vfc 
Qhc 2zlZ3Vh, 
Qd 4zl(l + Z3 2Z4 - Z2Z3)vd 
Qbc ZlZ2Z3Vbc 
Qtw 2zlZ4Vtw 
(C. 22) 
(C. 23) 
with 
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zi (NPRhna)/(2Wafy) 
Z3 hcl hna (C. 24) 
Z4 (NPR)/(4twhnafy) 
C. 3.3 Linear interpolation (plastic neutral axis f6rMpI, R 
in concrete slab) 
According to Eurocode 4 [11, a more conservative method, linear interpolation, 
may be used to predict the plastic bending resistances for beams with ductile 
shear connection. This method can be presented by the straight line AC in Figure 
3.3. Hence, the resistance function based on the linear interpolation method can 
be generally expressed as 
rt --' -qR 
(X) -:::: Mapl +N 
(MPI, R - Mapl) (C. 25) Nf 
where 
Mpl, R is the plastic bending resistance predicted by assuming full shear 
connection; 
Nf is the number of shear connectors required in the shear span to fulfill 
the full shear connection, given by equation (3.10)-, 
N is the number of shear connectors provided; 
MapI iS the plastic bending resistance of the steel beam alone, to be 
determined as 
Mapl 
- 
Wafy (C. 26) 
When the neutral axis forMpl, R lies in the concrete slab, 
Mpl, R is given by 
equation (3.2), and, from equation (3.10), 
N_ NPR (C. 27) 
Nf Aa fy 
Therefore, equation (C. 25) becomes 
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rt : -- -QR(X) - 
W,, fy + NPR(hg + h, 
Aafy 
- 
Wa 
(C. 28) 
1-7b, f, : ýa 
With respect to PR given by (3.2), the coefficient of variation V, for equation 
(C. 28) is derived as follows, 
VQ2 Q2 + Q2 + Qh2 + Q2 + Q2 + Q2 + Q2 + Q2 Wý + fy A,, 9 h, d E, fc b, Vrt =- T+ vl[2z, (l + Z3) - V2ZlZ3(l - Z4) - 11 
where, 
Qw,, (I - vi)Vw. 
QA, Vl[l - V2Zl-"3(l Z4)]VA,, 
Qfy [I - VlV2ZlZ3(l Z4)lvfy 
Qhg 2v, z, Vh 9 
Qh, 2vlZlZ3Vh, 
Qd 2v, [2z, (1+ Z3) V2ZIZ3(l - Z4) - Ilvd 
QE, 0.5v, [2z, (I+ Z3) - V2ZIZ3(l Z4) lIvEc 
Qf, 0.5v, [2z, (I+ Z3) + V2 Zl Z3 (I Z4) 11 Vfc 
Qbc VlV2ZlZ3(l - Z4)vbc 
vi = 
(NPR)I(Aafy) 
v2= (Aa - )/[0.85b, (h, - hp) fy fc I 
zi = (Aahg)/(2Wa) 
Z3 = 
Ac/hg 
Z4 = 
hp/k 
In the above equations, PRis still given by (C-19). 
(C. 29) 
(C-30) 
(C. 31) 
C. 3.4 Linear interpolation (platic neutral axis forMpl, Rin 
the top steel flange) 
In this case, the degree of shear connection NINf should be given by 
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N_ NPR 
(C-32) 
Nf 0.85b, (h, - hp)fc 
andMpl, Ris determined from equation (C. 5). So the resistance function (C. 25) 
is specified here as 
Expressing PR by equation (3.12), V,, for resistance function (C. 33) can be 
Vt = 9R(X) = Wafy + 
NPR 
[Aafyhg + 0.425b, f, (h 2-h 2) 
0.85b, (h, 
- 
hp)f, cp 
[Aafy 
- 
0.85b, f, (h, - 
hp)JI 
_ 
Wafy] (C. 33) 
4bf fy 
found out as 
Vrt 
= 
2+ Q2 + Q2 + Q2 + Q2 Q2 + Q2 + Q2 + Q'c + Q2 
a Ec fc bh bi 
VQWa 
A, fy h9 d+c 
I+ vl[2z, + V2ZlZ3(l + Z4) - ZIZ2(l - V2 
)2 
(C. 34) 
where 
QW. (I - V, )VW. 
QA, 2z, vl[l- Z2(1 - V2)IvAa 
2) 
_ 
jjjVfy Qf, = fI+ vl[2z, - ZIZ2(l - V2 
Qhg = 2v, zVhg 
Qd 2vi [2z, + V2ZlZ3(l + Z4) - ZlZ2(l - V2 
)2 
- 
I]Vd 
)2 
_ 
11V 
c QE, = 0.5vi [2z, + V2ZlZ3(l 
+ Z4) - ZlZ2(l - V2 E 
2)] Vfc 
Qfc 0.5v, [V2ZlZ3(l + Z4)- 2z, + 1+ ZlZ2(1+2V2-3V2 
Qbc Vl[ZlZ2 (I - V2 
)2 + 2zlZ2V2(l - V2)- 2z, + 1]Vbc 
(I 
_ V2) + 2z, ]/(l - z4) 
I Vhc 
'Qhc ý 'VlIZIZ3V2 + 
[ZlZ2 
2 
)2V 
f 
Qbf ý VlZl-"2(l - V2 b 
vi = (NPR)1[0.85b, (h, - hp)fc] 
V2 = [(0.85bc(h, - hp)f, ]I(Aafy) 
Z2= Aa/ (2k -hg) 
I 
(C. 35) 
(C. 36) 
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and PR is determined from (C. 19); Zl ý Z3 and Z4 are same as those in equation 
(C 
.3 1). 
C. 3.5 Linear interpolation (plastic neutral axis fbrMpI, R 
in steel web) 
In this situation, the degree of shear connection is determined by equation (C-32), 
andMpl, Rfrorn equation (C. 9). Then, the resistance function (C. 25) becomes 
rt = 9R(X) = W,, fy + NPR[ 
h, + hp 
+ hna - 2 
0.85b, (h, - hp)f, 
4tw fy 
Letting PR be given by equation (3.12), it can be derived that 
vr t= 
where 
VQ2 + Q2 + Q2 + Q2 + Q2, + Q2, +2 +Q2 + Q2 W, fy fc dEhb, hna tw 
1+ VlV2ZI[2 + Z3(1 + Z4) - Z2V21 
Qw. Vw. 
Qfy + VlV2Z, 2 Z2)vfy 
Qd 2vlV2 Z1[2 +Z3 
(I + Z4) - V2Z2]Vd 
QE, 0.5vlV2Zl[2+ Z3 (I + Z4) - V2Z2]VE, 
Qf, 
- 
0.5vlV2 Z1[2 +Z3 
(I + Z4)-3V2 Z21 Vfc 
Qhc VlV2Zl[Z3 - V2Z2/(l - Z4)lvhc 
2 Qbc -'ý-'lV2ZIZ2Vbc 
2 Qtw Vl V2 Zl Z2 Vtw 
Qh, 
a 
2vlV2ZlVhna 
zi (Aahna)/(2W,, ) 
Z2 Aa/(2t, hna) 
Z3= h, /hna 
(C. 37) 
(C. 38) 
(C. 39) 
(C. 40) 
and PRis given by (C. 19); vi andV2 are defined in (C. 36), andZ4 
in (C. 31). 
Appendix D 
Computer programs of safety 
0 
calibration for composite beams 
According to the theories presented in Chapters 2 and 3, the computer programs 
for the calculations relevant to the calibrations have been written. They are all 
in Sun FORTRAN (FORTRAN 77 on SUN Unix machines) and now explained. 
D. 1 Program for composite beams with full shear 
connection 
Scope of program 
This program, named sacb, is developed to determine partial safety factors for 
design plastic bending resistances of composite beams with full shear connection, 
i. e. for beams represented by test groups A and B (see Section 3.1.2). At present, 
sacb can deal with following cases: 
(1) sagging bending with the plastic neutral axis in the concrete slab; 
(2) hogging bending with the plastic neutral axis in the steel web, where the 
steel beam can have either a symmetric section or a symmetric section 
attached by a plate to the bottohgange, as shown in Figure D. I. 
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bf 
If 
ha 
If 
tp 
if 
Total area of steel section 
(including attached steel plate) 
is denoted 
Aa 
for computation. 
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Figure D. I: Steel section considered by program sacb for hogging bending 
The main outputs of sacb include: 
(1) the test corrections, b and v&, and the correlation coefficient of real (experi- 
mental) resistances and the theoretical resistances, p (as defined by equation 
(2.20)); 
(2) coefficients of variation of the resistance, v, Vri ul,, r, and ahr for each beam 
sample from the test group; 
(3) mean theoretical resistance, ft and the target design resistancerd for each 
of the beam samples; 
(4) target design fractile-factor, kd, (corresponding to Pf = 0.0012), and safety 
factors, ^fmdý ^/ai N or -ý., for each of the beam samples. 
As required by equations (2.20), (2.25) and (2.26), to determine L, v6 and p, 
from a group of n,, specimens, the values of both r,, i and rti for specimen i (i = 11 
n,, ) should known by program sacb. So to complete the calibration, some 
ready-made packages need to be used to find rti for each of the specimens. In 
the calibration which has been done, the ready-made program EPPCB1 (R. P. 
Johnson, made in 1984 and revised in 1990) has been used. For using of EP- 
PCB1, Johnson has written two notes, which, together with the source program 
ý- 
bp 
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of EPPCBI and its input data file csdat for each specimen are given at the end 
of this appendix. 
To run program sacb, type the following command in UNIX system: 
[%] sacb <return> 
where, [%] represents the prompt sign given by UNIX system, <return> means 
pressing return-k-ey on the keyboard. 
Once sacb starts, the user can follow the prompts shown on the screen to type 
in date and fractile-factor of characteristic steel strength, k,,,. As the programs 
are designed based 'on the concepts given in Chapters 2 and 3, kas should be 
taken not greater than 3.04 (see Section 2.2.3); in the calculations which have 
been done, kas- 2.00 is used. 
For convenience in computation, Table (A. 1) has been established in the pro- 
gram. 
D. 1.2 Function of subroutines 
Similar to most Fortran programs, sacb consists of several subroutines. Their 
functions are listed below. 
1. Subroutine cmce(nn, cmv, cvoe, cc) - calculate b, V8 and p. 
2. Subroutine fcvs(n, conb, cvoe, rtm, rtn) - find the coefficients of variation 
for the beam samples, Vt, V, and and the resistance based on the 
, ýýp-altered strengths of materials (see equation(2.45). 
3. Subroutine dsis(n, cvoe, skd) - determine the design fractile-factor, 
kd, 
corresponding to failure probability Pf - 0.0012, 
for the samples; 
4. Subroutine'esfs(n, rd, An, colib, sk) - evaluate the safety factors for the 
samples. 
D. 1.3 Definition of main variables 
The main simple variables are defined in sacb as follows, 
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nn the number of specimens used for calculating b, v6 and p; 
n the number of beam samples to be analyzed; 
crnv, cvoc, cc L, V8 and p respectively; 
vaa, vw, vfy VA, Vw,, and vf,, respectively; 
vds coefficient of variation of linear dimension of steel section; 
vhc, vbc, vfc Vh, ) Vb, and vf,, respectively; 
var, Mr, vfr VAs , vh,, and vf,, respectively. 
The main arrays in sacb are as follows, 
es (1) ... es(nn) 
ts (1) ... ts 
(n n) 
bnum(l) ... bn um 
(n) 
bds(l, l) ... bds(n, l) 
bds (1,2) ... bds 
(n, 2) 
b ds (1,3) ... 
bds (n, 3) 
bds (1,4) 
... 
bds (n, 4) 
b ds (1,5) 
... 
b(ýs (n, 5) 
bds (1,6) 
... 
b ds (n, 6) 
bds(1,7) ... Us 
(n, 7) 
bds (1,8) ... bds 
(n, 8) 
bds (1,9) ... bds 
(n, 9) 
bds (1,10) ... 
bds (n, 10) 
238 
experimental bending resistances of the specimens, r, j 
(i = 11 ... , nn); 
theoretical bending resistances of the specimens, rti, (i 
nn) 
(character array, length = 10) names of beam samples; 
A,, of beam samples (sagging); 
fy of beam samples (sagging); 
hg of beam samples (sagging); 
h, of beam samples (sagging); 
b, of beam samples (sagging); 
of beam samples (sagging); 
f, of beam samples (sagging); 
ff of beam samples (sagging); 
bf of beam samples (sagging); 
hp of beam samples (sagging); 
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bdh (1,1) ... bdIi (n, 1) 
A, of beam samples (hogging); 
bdh (1,2) ... bA (n, 2) 
fy of beam samples (hogging); 
bdh (1,3) ... bdh (n, 3) h,, of beam samples (hogging); 
bdh (1,4) ... bdh N 4) 
f., of beam samples (hogging); 
bdh (1,5) ... bdh (n, 5) 
hs of beam samples (hogging); 
bdh (1,6) ... bdh (n, 6) of beam samples (hogging); 
bdh (1,7) ... bdh (n, 7) t, of beam samples (hogging); 
bdh (1,8) ... bA 
(n, 8) ff of beam samples (hogging); 
bdh (1,9) ... bdh 
(n, 9) A,, of beam samples (hogging); 
bdh (1,10) ... bdh (n, 10) 
Lp of beam samples (hogging); 
bdh (1,11) ... bdh 
(n, 11) fp of beam samples (hogging); 
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7-d(i), rtm(i) (z = 1, ---, the target design resistance, rd, and mean resistance, 
rt, of beam sample i, respectively; 
bata (1) ... bata 
(n) kdof beam samples. 
co v 0,1), CO v 0,4) (1 = 1, n) Vrt, jI_n(I+ Vr2t 
)) Vrand uhr for beam sam- 
ple i, respectively; 
garnma (i, 1), gamma(i, 2), garnma(i, 3) 7ind i 7aand 7, 
(for sagging) or 7. (for hog- 
(. 
-I z-I, ging) of beam sample i, respectively; 
The maximum dimension of arrays in sacb is currently fixed as 55. 
D. 1.4 The layout of input file and output file 
The input datafile in sacb is defined with name, inod, and the output file, outoc. 
The format of datafile inod for sagging bending is only very slightly different from 
that for hogging bending. These are as follows. 
inod for sagging bending (beams in group A 
S 
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nn, it, vaa, vfy, vds, vhc, vfc, cbe 
bnum(l) 
bds(l, l), bds(1,2), ... bds (1,10) 
bnum(n) 
bds(n, 1), bds(n, 2), ... bds(n, l'O) 
es(1), es(2), es(3), ... es(nn) 
ts(1), ts(2), ts(3), ... ts(nn) 
inod for hogging bending (beams in group B) 
h 
nn, n, vw, vfy, vds, vfr, var, vhr, vaa 
bnum(l) 
bdh(l, l), bdh(1,2), ... bdh 
(1,11) 
bnum(n) 
bdh(n, l), bdh(n, 2), ... 
bdh (n, 11) 
es(l), cs(2), es(3), e8(nn) 
ts(l), ts(2), ts(3), ts(nn) 
In above, the first entry s (for sagging) or h (for hogging) are not the variable 
names but just the characters. The units for data input to es(i) and ts(i) can be 
kN-m, and for the rest, the units based on N and mm should be used. 
The output file is outoc, and it is quite self-explanatory. So only the notations 
for designating the entities of the tables in outoc are explained here. 
o Under the title "The measured resistance < Iff-m > ": 
- ExperMental result - r, j for each beam specimen; 
Theoretical result - rti for each beam specimen; 
Ratio of expe. to theo. - rei/rti; 
o Under the title "The analyzed resistance < KN-m > ": 
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- Theoretical mean - ft for beam samples; 
- Design - rd for beam samples; 
- Strength- altering - rt calculated 
fromfyk/7maandfck/^/mc or fsk/Yms, 
for beam samples; 
* Under the title "The relevant c. v. of bending resistance": 
- Theory - V,,; 
- Log-theory - 
ýIn(l + VI); 
rt 
+V - Reality - Vr (= 
VV2 2); 
- Log-reality 
e Under the title "The safety factors and indices": 
- Safety Mdex - kd ((found according to Pf = 0.0012); 
- S. F-model - ý/md (from 
kd); 
- S. F-steel - 7,,, 
(frOM 7md); 
- S. F-concrete - 7, 
(from""/md); 
- S. F-7-einforceTnent - -/ý (from7md); 
o Under the title "Beam Data (N, mm)": 
- Ar, fy, ha, fr, hr, ba, tw, tf, Aa, hg, he, be, fc - Aý, fy, hai f, h, bf, 
t, tf, A, hgj h, b, and respectively. 
D. 2 Program for beams with ductile partial shear 
connection 
D. 2.1 Scope of program 
The program is developed to analyse reliability of bending resistances of beams 
with ductile partial shear connection (beams in group C, see Section 3.1.2. ), and 
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consists of two independent packages, one named ctc and the other crb. 
Currently, all the test specimens collected in group C are of the steel beams 
with symmetrical sections, therefore, the program is coded only for the situation 
in which the steel section is symmetrical about both axes. 
To implement the computation by this program, the packages ctc and crb 
need to be executed jointly. In the UNIX system, a supervision package, named 
rcc, should be created to run ctc and crb. This supervision package has been 
coded by C-Shell Scripts and will be given later. As a result, to run ctc and crb 
properly, only the following command needs to be issued to Unix: 
[Vol A rcc < return> 
During running of the program, the prompts shown on the screen are very 
easy to follow, and no further explanation is needed. 
From a run, the program will give the calibration results for the two mod- 
els, equilibrium method and linear interpolation (see Figure 3.3). These results 
include 
* theoretical resistance, rti, and experimental resistance, rei i of each specimen; 
* the actual degree of shear connection and the lowest degree for ductile shear 
connection required by Eurocode 4 [1] for each specimen; 
* the test corrections, L and vs, and correlation coefficient of test and theory, 
4o V, and V, for each beam sample; 
* the safety factors, ^ýmdi ^/aý 7, and -/, for each of the beam samples, 
deter- 
mined from the design fractile-factor corresponding to 
Pf = 0.0012; 
for each beam sample, the design fractile-factors under two prescribed con- 
ditions: (1) -Ya = 1.10,7, = 1.25 and -j, = 1.25; (2) -ýa = 1.05, -y, = 
1.25 
and 7, = 1.25; 
correspondingly, the failure probabilities under two prescribed conditions: 
(1) 7a = 1.10, -y, = 1.25 and 7, = 1.25; (2) -ya = 
1.05,7, = 1.25 and 
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^jv = 1.25. 
D. 2-2 Supervision package rcc 
The supervision package, rcc, is as follows, 
cplnodpOinodpl 
ctc 
cat add >> lnodpl 
crb 
cat outodpl >> outodp 
rm inodpl outodpl add 
Datafile inodpO is originally created by the user, as explained later. To run 
the program, this file is first of all copied onto another temporary file, inodpl, 
which can then be recognized by package crb. Package ctc obtains the input data 
from the file named inodp which does not appear in rcc. Like inodpO, Modp needs 
to be established by the user. 
After running, package ctc determines the parameters, 6, V6 and p and the 
number of eligible specimens (i. e. the specimens with ductile shear connection). 
All these results are sent into a file named add which is then catenated to inodpI 
for package crb. 
The results from crb are all stored in the temporary file, outodpl, and this file 
is finally appended to file outodp which is in advance created by ctc for holding 
the results from running of that package. Thus, to see the results of calibration, 
the user needs only to read outodp. 
Since all the information has been held in files, inodpO, inodp and outodp, the 
files, inodpl, add and outodpl, become superfluous and are therefore removed 
from the directory. 
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D. 2.3 Package ctc 
The functions of this package include calculation of the theoretical resistance) rti, 
of each specimen, the degrees of shear connection and the test correction b, V6 
and correlation coefficient p. Using this program, the user himself does not need 
to decide if a specimen has ductile or non-ductile shear connection; the program 
will make the classification according to Eurocode 4 [1]. 
The following subroutines are contained in the package. 
1. Subroutine cfr(nn, arg) - calculates the theoretical resistance rti, the actual 
degree and the lowest degree required for ductile shear connection for the 
test specimens; 
2. Subroutine cmce(n, cmv, cvoe, cc, es, ts) - calculates b, V5 and p. 
Subroutine bren(ts, es, re, rl, bdh, cps, bnum, nn, cmv, cc, cvoe, cmvl, cvoel, 
ccl) - call subroutine cmce to caluclate L, V6 and p for test groups with 
ductile and non-ductile partial shear connectors, respectively, and output 
all the calculated results. 
The main simple variables in the program are defined as follows, 
nn total number of the test specimens; 
kn number of test specimens with non-ductile shear connection; 
jn number of test specimens with ductile shear connection; 
CSC a control parameter; if r, i/rti is smaller than it, the information 
of the specimen is considered as suspect and excluded from the 
analysis by the program; in the current analysis, the value of this 
variable is taken as 0.6; 
arg factor for determining the strength of a shear connector, PR; ac- 
cording to Eurocode 4 [1], this factor is to be taken as 0.29; 
CMVI CMVI b for equilibrium method and linear interpolation, respectively; 
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CVOC) CVOCI V8 for equilibrium method and linear interpolation, respectively; 
CCI CCI p for equilibrium method and linear interpolation, respectively. 
The main arrays employed by ctc are explained below. lt should be noted that 
the values of basic variables or the calculation results stored in these arrays are 
those achieved in accordance with assumption (3) in Section 2.2.1. 
* es(i) - experimental resistance, r, j, of specimen i, size = 100 x 1. 
* ts(i) - theoretical resistance, rti, of specimen i, size = 100 x 1, this array 
is only used in subroutine cmce. 
* re (100,3), used for equilibrium method: 
re (i, 1) - rti of specimen i. 
re(i, 2) - depth of the second neutral axis of specimen i, measured 
from 
the top of steel section. 
re(i, 3) - depth of the first neutral axis of specimen 
i. 
0 rl (10 0,5): 
rti of specimen i by linear interpolation; 
, rl(i, 2) - actual degree of shear connection of specimen z; 
rl(i, 3) - depth of the neutral axis of specimen i, assuming 
full shear con- 
nection; 
rI0,4) - ultimate plastic bending moment of specimen 
i, assuming full 
shear connection; 
bending resistance of steel beam alone, Wafy, of specimen 
0 cps(100ý9): 
cps (i, 1) - b, of specimen i; 
cps (i, 2) - h, of specimen z; 
Cps (i, 3) - hp of specimen 
i; 
- bo of specimen i; cps 0,4) 1 
., of 
specimen z; cp8(i, 5) - cylinder strength of concrete, 
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cps (i, 6) - concrete density, W, of specimen z, in kN/m 3 
cps (i, 7) - span of specimen z, in metres. 
cps (1,8) - the lowest required degree for ductile shear connection for spec- 
imen i; 
cps (i, 9) - Young's modulus of concrete, E,,,, of specimen i. 
o bdh(100,9): 
bdh (i, 1) -d of studs or, when G is input to bnum (Z, 2), the given ratio of 
shear connection in specimen z; 
bdh(i, 2) - fy of specimen i; 
bdh(1,3) - h,, of specimen i; 
bdh(i, 4) - stud strength, f, of specimen z; 
bdh (i, 5) - overall height of stud, h, of specimen i; 
bdh (Z*, 6) - bf of specimen i; 
bdh(i, '7) - t, of specimen i; 
bdh(i, 8) - tf of specimen i, 
bdh(i, 9) - A., of specimen i. 
o bnum(100,3) (character array, string length = 10): 
bnum (i, 1) - reference name of specimen i- 
bnum(i, 2) - sheeting direction of specimen i, to be input: T if transverse, 
P if parallel, S if solid slab, G if ratio of shear connection is given directly; 
bnum(i, 3) the indicator of potential failure mode of shear connection in 
specimen Z: stud if studs dominant or concrete if concrete dominant. 
* ns(100,2): 
ns total number of shear studs in the shear span specimen i; 
ns(i, 2) - number of studs per rib, Np, of specimen i; when the specimen 
is 
constructed with ribs transverse to the beam span, and, in the shear span, 
has Nrl ribs with one stud and N, 2with two studs, the input value of Np 
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should be' 
Np -- 
(Nl + 2Nr2 )2 
2 (Nr I+ '$vF2 
Nr2) 
(D. 1) 
If specimen i has a solid slab or the parallel ribs, ns(i, 2) is not used in the 
program, so it can be assigned any value. 
The program also employs two more families of arrays. These arrays have the 
same significance as those introduced above, and they are defined in the program 
by simply adding one more character to, or changing the last character of the 
name of above arrays, i. e. adding "f" or changing the last character into "f" for 
beams with non-ductile shear connection, while "w" for ductile shear connectors. 
Thus, for example, ref(100,3) and rew(100,3) would have the same significance 
as re(10013), but ref(100,3) is specially for specimens with non-ductile shear 
connectors only, while rew(100,3) for ductile shear connectors only. 
D. 2.4 Package crb 
Based on the results from ctc, b, VS, etc., this program can, in theory, carry 
out the reliability analysis for any beam population. However, as the estimators 
of ctc, L and V8, are only from a limited number of test specimens generally, 
the populations of beams to be calculated are usually restricted within those 
represented by the samples from the test specimens processed by ctc. 
As for ctc, the users do not need to check whether or not the beam samples 
are with ductile shear connection. The program will exclude the samples whose 
'According to Eurocode 4 [1] (see equation (3.15)), if assuming the strength of one shear 
connector as PR, then, for a transverse rib with two studs, the total strength of the shear 
connectors in this rib would be VIr2-PR. Therefore, for beams with transverse ribs, if there are 
N, j ribs with one stud and N, 2 with two studs in the shear span, then the total 
longitudinal 
shear resistance in the shear span should be 
Fc = Nri PR + Nr2(ý72PR) = (Nri + 2Nr2) 
PR 
VfN-p 
where, Nrl + 2N. 2 is the total number of studs in the shear span and Np 
is the average number 
of studs per rib, as given in equation (D. 1). By such a conversion, equation 
(3.15) can be 
consistently used by the program. 
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degrees of shear connection are lower than a critical value specified by Eurocode 
4 [1]. 
Apart from Table (A. 1), two more ready-made tables are established in this 
package, which are 
(1) the table of standard normal distribution such that 
Zi 
-pf 
1 t2 pp Pf f 
00 V2- -ir 
C Tdt (D. 2) 
(2) the table of non-central t-distribution with fractile-factor K2 against the 
probability Pf determined by Zj-p, from equation (D. 2) at c= 75%3. 
This package is made for obtaining the partial safety factors, at target safety 
level Pf = 0.0012, and, inversely, the failure probabilities under two prescribed 
conditions: (1) -y,, = 1.10, y, = 1.25 and -j, - 1.25; (2) ^(,, = 1.05, -y, = 1.25 and 
2 
Five subroutines and two function subprograms are included in crb. 
Subroutine cfr(nn, arg) - applies the equilibrium method and linear inter- 
polation to calculate the mean theoretical resistances for each beam sample 
from the test group, using mean value of the basic variables. 
e Subroutine sfed (j, skd, bdhw, bnuw, rew, zw) - conducts calibration for 
the beam samples with respect to the equilibrium method including finding 
V, t and 
V, determining partial safety factors, 7, ^t, and 7, at target safety 
level Pf = 0.0012. 
'The relationship between the K and the concerned fractile-factor kb in the reliability anal- 
VT; kb, where n is the number of test results used. ysis is K= 
'According to Appendix A, it can be shown that Zl-p, is just kd,,, in equation (2.57) and 
related to K at c -- 755/o as follows, 
t< KI = 0.75 7n= ----l _ 
where, t, as defined in equation (A. 15), is the non-central t-distribution variable. 
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Subroutine sfld (j, skd, bdhw, bnuw, rew, zw) - the same as sfed : 
(j, skd, 
bdhw, bnuw, rew, zw) but based on linear interpolation. 
* Subroutine 8fp (pf, er, df, vt, vd, n, bnu, el, sf) - calculates the failure 
probability Pf underlying the design resistance with given partial safety 
factors. 
Subroutine fmi(rr, da, fc, hg, hc, hp, tw, bf, bma, fs, ty, ra, rc, ru) 
calculates the bending resistance for the beam samples with linear interpo- 
lation, using the factored strengths of material and shear connectors, e. g. 
using -ý .. p-altered strengths 
(see equation (2.45)). 
9 Function pnt (x, n) - determines Pf from kb, according to the non-central 
t-distribution. 
* Function psn (p) - obtains Zi-P, (i. e. 
kd, 
c)o) from Pf, according to the 
standard normal distribution. 
Many arrays in the package are defined in the same way as those in ctc. These 
arrays are listed as follows, 
o re(100,3), rew(100,3), ref(100,3); 
o rl(100,5), rlw(100,5), rlf(100,5); 
cps(100,9), cpsw(100ý9)ý cpsf(100)9); 
bdh(100,9), bdhw(100,9), bdhf(100,9); 
o bnum(100,3), bnuw(100,9), bnuf(100,9); 
o n8(100,2). 
These arries are used in crb in the same way as in package ctc, except that 
(1) the entity for each element of these arrays is now for a beam sample, rather 
than a beam specimen; 
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(2) the information stored in an element of these arrays, in concept, is that 
obtained from the mean values of basic variables of the beam samples, 
rather than the measured or intended values from a test specimen. 
The other main arrays used in crb are as follows. 
* gazv(100,3), galw(100,3) (for the equilibrium method and linear interpola- 
tion, respectively) 
yaw(j, 1), galw(i, 1) - the design fractile-factor corresponding to the target 
probability of failure Pf = 0.0012 for sample i; 
gaw(i, 2), galw(i, 2) - the design fractile-factor of sample i, corresponding 
to -y,, = 1.10,7, = 1.25 and 7, - 1.25; 
gaw(i, 3), galw(i, 3) - the design fractile-factor of sample i, corresponding 
to '-/a = 1.05, -ý, - 1.25 and -j, - 1.25; 
0 sfw(1004)ý sflw(100)4) (for the equilibrium method and linear interpola- 
tion, respectively) 
sfw(t, 1), 8flw(i, 1) - model factor, 7mdi of sample '; 
sfw(i, 2), 8flw(iý2) 
sfw (i, 3), sflw (i, 3) 
sfw(i, 4), s&OX 
7a of sample i; 
-y, of sample i; 
-ý, of sample i; 
vrw(100,3), vrlw(100,3) (for the equilibrium method and linear interpola- 
tion, respectively) 
v, rw(i, l), vrlw(i, I) - V,, of sample i; 
vrw(i, 2), vrlw(i, 2) - V, of sample i; 
vrw(i, 3), vrlw(i, 3) - al, of sample i. 
e pfw(I 00,3,2), pflw(l 00,3,2) (for the equilibrium method and linear interpo- 
lation, respectively) 
pfw(i, 1,1), pflw(i, 1,1) - the target failure probability 
for sample i (0.0012 
is assigned to these elements in the program); 
pfw(i, 1,2), pflw(i, 1,2) - the difference between Pf = 0.0012 and 
the found 
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failure probability, if the found probability appears lower than 0.0012 4; 
pfw (i, 2,1), pflw (i, 2,1) - the failure probability for sample i, corresponding 
to 7a = 1.10, -ýc - 1.25 and -ý, = 1.25; 
pfw(i, 2,2), pflw(i, 2,2) - remaining relative error after the final iteration 
for determining Pf under condition: 7a = 1-107 7, = 1.25 and -y, = 1.25; 
pfw (i, 3,1), pflw (i, 3,1) - the failure probability for sample i, corresponding 
to 7,, = 1.05, -/, = 1.25 and -ý, = 1.25; 
pfw(0,2), pflw(i, 3,2) - remaining relative error after the final iteration 
for determining Pf under condition: 7,, = 1.05, -y, = 1.25 and -yv = 1.25; 
The main simple variables in crb are listed below, 
e bd, ccd, cvd - L, p and V6, respectively, used for beams with ductile shear 
connectors and applicable for calibration to the equilibrium method; 
e bdI, ccdl, cvdI - L, p and V6, respectively, used for beams with ductile shear 
connectors and applicable to calibration for the linear interpolation model; 
* bn, ccn) cvn - same as 6d, ecd, cvd but obtained from the test specimens 
with non-ductile shear connectors; 
o bnl, ccnl, cvnl - same as bdl, ccdl, cvdl but obtained from the test speci- 
mens with non-ductile shear connectors; 
o nn - total number of the beam samples to be analysed; 
o ary - as explained for ctc; 
o vfy, vfc, vec, vfu, vd, vhc, vbc, vwa, vaa, vhg, vba, vtw - Vfy 7 
Vf, 
ý I 
VE, I 
Vf,, 
I 
5 Vd 
7 
Vh, 
ý 
Vb 
cý 
VW,, 
i 
VA,, 
i 
Vh 
,, 
Vb, and Vt., respectively. 
4For sample i, if the design fractile-factor corresponding to the given safety factors appears 
higher than the factor corresponding to Pf = 0.0012, then the failure probability to be obtained 
would be lower than 0.0012. This means that, with the given safety factors, sufficient reliability 
underlying the design resistance must have been obtained. In this case, the program simply 
assumes the failure probability as Pf = 0.0012. So, in fact, elements pfw(i, 1,2) and pflw(i, 1,2) 
always hold zero and are not used. 
5Where necessary, the program takes Vh.. same as as Vh,,. 
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D. 2-5 Input datafiles for ctc and crb 
There are two datafiles to be created by the users: inodp for ctc and inodpO for 
crb. The layout of Modp may be shown below: 
nn, csc, arg 
bnurn (1,1) 
bnum(1,2) 
bdh(l, l), bdh(1,2), bdh(1,3), bdh(1,4), bdh(1,5), bdh(1,6), bdh(l, 7), bdh(1,8), 
bdh (1,9) 
cps(l, l), cps(1,2), cps(1,3), cps(1,4), cps(1,5), cps(1,6), cps(1,7) 
cps (1,9) 
ns (1,1), ns (1,2) 
b num (nn, 1) 
bnum(nn, 2) 
bdh(nn, l), bdh(nn, 2), bdh(nn, 3), bdh(nn, 4), bdh(nn, 5), bdh(nn, 6), bdh(nn, 7), 
bdh(nn, 8), bdh(nn, 9) 
cps(nn, l), cps(nn, 2), cps(nn, 3), cps(nn, 4), cps(nn, 5), cps(nn, 6), cps(nn, 7), 
cps(nn, 9) 
ns(nn, l), ns(nn, 2) 
es(J), ..., es(nn) 
The layout of datafile inodpO is as follows. 
vfy, vfc, vec, vfu, vd, vhc, vbc, vwa, vaa, vhg, vba, vtw 
nn, arg 
bnum(l, l) 
bnum(1,2) 
bdh(l, l), bdh(1,2), bdh(1,3), bdh(1,4), bdh(1,5), bdh(1,6), bdh(1,7), bdh(1,8), 
bdh (1,9) 
cps(l, l), cps(1,2), cps(1,3), cps(1,4), cps(1,5), cps(1,6), cps(1,7) 
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cps P1 9) 
ns(l, l), ns(1,2) 
bnum(nn, l) 
bnum (it n, -62) 
bdh(nn, l), bdh(Tin, 2), bdh(nn, 3), bdh(nn, 4), bdh(nn, 5), bdh(nn, 6), bdh(nn, 7), 
bdh(nn, 8), bdh(nn, 9) 
cps(nn, l), cps(nn, 2), cps(nn, 3), cps(nn, 4), cps(nn, 5), cps(nn, 6), cps(nn, 7), 
cps(nn, 9) 
ns(nn, J), ns(nn, 2) 
In setting these files, the following points should be noticed: 
(1) the input data are all in units based on N and mm except W, (to cps(i, 6)), 
L (to cps (Z, 7)) and rei 
(to e-, 5(i)); W, L and r, i are input in units of kN/m 
3 
m and kN-m, respectively; 
(2) the current version of the programs are only developed to do the calibration 
based on the strength of shear connection given by equation (3.12), so, to 
use the programs properly, the user can input fu (to bdh(i, 4)) a large value, 
say 1000000. ON/mm 2; 
(3) according to Eurocode 4 [1], arg should be taken as 0.29. 
(4) for a test specimen or a beam sample, if E, (to cps (i, 9)) is unknown but 
(to cps (Z, 5)) is known, cps (i, 9) should be assigned 0 in the datafiles, thus, 
the program will estimate E, according to equation (3.16). 
D. 2.6 Output file after running ctc and crb 
The results obtained after running ctc and crb are recorded in output file outodp. 
This output file is basically self-explanatory. The following is the explanation of 
the notations used to designate the table entities in outodp. 
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* Under table titles, "Results of beams with the non-ductile connection" and 
-Results of beams with the ductile connection": 
- Beam name - name of beam specimens; 
- SC ratio - the actual degree of shear connection of beam specimens; 
- LBSCR - the lowest degree of ductile shear connection for beam 
specimens required by Eurocode 4 [1]; 
-M by inter - rti from linear interpolation method for each beam spec- 
imen, (2.25) and (2.26))-, 
-M by equi - rti from equilibrium method for each beam specimen; 
-M by test - r, j for beam specimen i; 
/"0) 
- (5jl(l) - r, i/rti for each beam specimen, where rti found from the 
linear interpolation; 
(3)1(2) - r, i/rti each beam specimen, where rti found from the equi- 
librium method; 
Xc, Xa - depths of the first neutral axis (measured from top of con- 
crete slab) and the depth of the second neutral axis (measured from 
steel top flange), respectively, for beam specimens, found from the 
equilibrium method; 
- Mf, Ma - theoretical plastic bending resistances of composite section 
(assming full shear connection) and steel beam alone, respectively, 
for 
beam specimens; 
- P. N. A. -(Mf) - 
depth of the neutral axis corresponding to Mf, 
- tf, hc-hp, hc+tf - intended or measured values of 
tf, h, - hp and 
h, + if, respectively, for beam specimens; 
* Under the table title "The coefficZents of variation": 
- Vrtý Vr, Log. Vr - V, 
V, and respectively, for beam samples; 
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* Under the table title "The Partial Safety Factors": 
- Model factor -^ýmd (found according to Pf = 0.0012) for beam sam- 
ples; 
- Steel S. F - -y,,, 
(frOM 7md) for beam samples; 
- Concrete S. F - 7, 
(from"tmd) for beam samples; 
- Connector S. F (from ýmci) for beam samples; 
9 Under the table title "The safety fractile-factor on resistance side": 
Presunied value - kddetermined from Pf = 0.0012 for beam samples; 
rc, ru=1.25 ry=1.10 - kcI for beam samples, determined from ^/c = 
1.25, -ý, = 1.25 and -ý,, = 
- re, ru=1.25 ry=1.05 - kd for beam samples, determined from 7, = 
1.25, -ý, -- 1.25 and 7,, = 1.05; 
e Under the table title "The failure probability with the given safety factors": 
- Presumed value - required failure probability for design (being re- 
garded as Pf = 0.0012); the values in the brackets are data stored in 
element pfw (i, 1,2) or pflw (i, 1,2), which, as explained in Section D. 2.4, 
can be ignored-, 
- rcru=1.25 ry=1.10 - failure probability underlying the design resis- 
tance under the condition: -/, = 1.25,7, = 1.25 and ^ta =-- 1.10; the 
values in the brackets are the remaining relative errors after the final 
iteration (see Section 3.3); 
- rc, ru=1.25 ry=1.10 - failure probability underlying the 
design resis- 
tance under the condition: -/c = 1.25, -t, = 1.25 and 'Ya : -- 1.05; the 
values in the brackets are the remaining relative errors after the final 
iteration. 
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D. 3 Program for beams with non-ductile partial 
shear connection 
D. 3.1 Scope of program 
This program also consists of two independent packages. One is named ntc and 
the other iirb. These two packages were developed to make calibration for design 
bending resistances of beams with non-ductile shear connection. The relevant 
theory has been presented in Section 3.2.3. 
Because all the relevant beam specimens collected so far have symmetric steel 
sections and are simply supported, the program, at present, is only developed 
to be applicable to simply supported composite beams with symmetrical steel 
sections. 
To implement the calibration, ntc and nrb should be used jointly. For this 
purpose, a control program, rcn, has been written in C-Shell Scripts in UNIX 
system, which is shown below. 
ntc 
cat add. nrb >> temp 
nrb 
cat outonc >> outodn 
rm outonc 
Datafile add. nrb is originally created by the user. File outonc is created by 
ntc for storing the results calculated, which, after running nrb, is catenated to 
the output file of nrb, outodn. So all the results can be available in outodn, and, 
therefore, outone can be removed from the directory. 
So, using rcn, ntc and nrb can be run properly by simply issuing the following 
command to UNIX system: 
[%] -rcn <return> 
During running, the program will show three sets of results about the test 
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specimens. The results include test group size n, L, V8 and p. Three different 
ways are adopted to obtain these results: (1) using assumptions (4) of Section 
3.2.3 but with the resistance function restricted to that for propped construction 
only; (22) using the assumption but the resistance function being restricted to that 
for unpropped construction only; (3) using assumptions (3) and (4) in Section 
3.2.3. The user can choose one set of the results for further calibration by typing 
in one of the following letters: 
using n, b, V8 and p based on (3); 
- using n, b, V6 and p based on (1); 
-u- using n, 
ý, V5 and p based on (2); 
According to Section 3.2.3, for calibration for beams with non-ductile shear con- 
nectors, m should be chosen. 
The functions of ntc are as follows. 
9 Calculate the theoretical resistances) rti, for each specimen, based on the 
models for propped construction and unpropped construction. 
Determine L, V8 and p, and size of test group, n, in the different ways 
explained above. 
The main functions of nrb are as follows. 
o Determine V, and V, for the beam samPles. 
With respect to Pf - 0.0012, find safety factors 7,7, and -y, for the beam 
samples. 
D. 3.2 Subroutines and variables in ntcand nrb 
It has been designed that the calculations in We are carried out for the beam 
specimens, and, therefore (as considered in assumption (3) in Section 2.2.1), the 
measured values or intended values (not for material strengths) of basic variables 
of the specimens should be used, while for calculations made in nrb, the processed 
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objectives are the beam samples, so the mean values of basic variables for the 
samples should be used. 
Several subroutines are developed in ntc and nrb, whose functions are noted 
below. 
Subroutines in ntc 
9 Subroutine cfpu(nn, arg, k, kp, ku, kmax) - uses the models based on 
propped and unpropped construction to calculate the theoretical resistances 
r, j for each beam specimen; 
o Subroutine elrdu(i, bmelrd, fel, sigmaa, fc, bmsd) - determinesMel, R for 
test specimens, considering unpropped construction; 
Subroutine elrdp(i, bmelrd, fel, sigmaa) - determinesMel, R for beam spec- 
imens, considering propped construction; 
Subroutine cmce(n, cmv, cc, es, ts) - determines b, V8 and 
Subroutines in nrb 
e Subroutine cfpu(nn, arg, si) - uses the models based on propped and 
unpropped construction to calculate the mean theoretical resistances for 
each beam sample; 
o Subroutine elrdu(i, bmelrd, fel, sigmaa, fc, brnsd) - determines Mel, R for 
beam samples, considering unpropped construction; 
Subroutine elrdp(i, bmelrd, fel, sigmaa) - determines MeI, R for beam sam- 
ples, considering propped construction; 
Many variables and functions dealt with in both ntc and nrb are the same. 
Therefore, in packages ntc and nrb, the arrays representing the same 
basic vari- 
ables or the same functions are defined with the same names. The user may only 
need to know that, as indicated above, these arrays in ntc are used to store 
the 
measured or intended values of basic variables for every 
beam specimen and the 
results found from these values; while for for nrb, they are used 
to store the mean 
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values of basic variables for beam samples and the results from these mean values. 
Thus, the main arrays in ntc and nrb can be explained together as follows. 
0 cps(100,9): 
cp8 (i, 1) - b, for specimen z or sample i, 
cps(i, 2) - h, for specimen i or sample i; 
cp, s(, i, 3) hp for specimen Z, or sample i; 
cPs(1,4) bc) for specimen i or sample i; 
cps(z', 5) - cylinder strength of concrete, f, for specimen i or sample i; 
cps(i, 6) - the density of the concrete, for specimen z or sample i; 
CP8 (i, 7)- beam span, in metres, for specimen i or sample i; 
CP8('i, 8) - the required lowest degree of ductile shear connection for spec- 
imen i or sample z; 
cps (i, 9) - Young's modulus of concrete, E, for specimen i or sample i. 
o bdh(100,11): 
bdh (i, 1) -d of studs or, when G is input to bnurn(i, 2) (for ntc only), the 
given ratio of shear connection in specimen i or sample z; 
bdh(i, 2) - yield strength of steel, fy, for specimen i or sample i; 
bdh(i, 3) - ha for specimen i or sample i; 
bdh(i, 4) - stud strength, fu, for specimen i or sample i; 
bdh(i, 5) -h for specimen i or sample i; 
bdh(i, 6) - bf for specimen z or sample z; 
bdh (i, 7) - t, for specimen i or sample i; 
bdh(i, 8) - tf for specimen i or sample i; 
bdh(i, 9) - area of steel section, Aa, for specimen i or sample 
i; 
bdh(i, 10) - Young's modulus of the steel, Eai for specimen i or sample i; 
bdh(i, 11) - second moment of steel area, Ia, for specimen 
i or sample i. 
rp(100,3) and ru(100,3): 
rp (i, 1), ru (i, 1) - MI, R by assuming propped and unpropped construction, 
respectively, for. specimen i or sample i; 
D. 3 Program for beams with non-ductile partial shear connection 260 
rp(i,, 9), ru(i, 2) - F, 1 by assuming propped and unpropped construction, 
respectively, for specimen i or sample z; 
rp(i, 3), rzt(i, 3) - rt by assuming propped and unpropped construction, 
respectively, for specimen i or sample z. 
o rc (10 0,5): 
rc (i, 1) - A/t.,, s for specimen i or sample i; 
rc(i, 2) - F, for specimen z or sample z; 
rc (i, 3) - NINf for specimen i or sample i; 
IT (ii 
4) - 
MpI, R for specimen z or sample i; 
-rc(, i, 5) - M,, pi 
for specimen i or sample i. 
0 sfP(100,4) and sfu(100,4): 
sfp (z) 1), sfu (j, 1) - ^/md for sample i with respect to propped and unpropped 
construction, respectively; 
SfP(i)2)) SfU(i)2) - ^/a for sample i with respect to propped and unpropped 
construction, respectively; 
sfp (i, 3), sfu (i, 3) - -ýc for sample i with respect to propped and unpropped 
construction, respectively; 
404), 404) - -yu for beam sample i with respect to propped and 
unpropped construction, respectively. 
vrp(100,3), vru(100,3): 
vrp(i, j), vru(il) - V,, of sample z for propped and unpropped construc- 
tion, respectively; 
vrp(i, 2), vru(i, 2) - V, of sample z for propped and unpropped construc- 
tion, respectively; 
vrp(i,, Y), vru(i, 3) - or,, of sample i for propped and unpropped ýconstruc- 
tion, respectively. 
ffP (10 0,3), ffu (10 0,3): 
ffp (j, 1), ffu (i, 1) - kd of sample , 
(corresponding to Pf = 0.0012), for 
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propped and unpropped construction, respectively; 
ffp(il, 2), ffu(i, 2), ffp(i, 3), ffu(i, 3) - not being used. 
0 es(100): 
es(i) - experimental value of the bending resistance, r, j, for specimen i. 
9 bnu-in(100,3) (character array, string length - 10): 
bnum(i, 1) - the reference name of specimen i or sample i. 
bnu7n(Z, 2) - sheeting direction of specimen i or sample i: T if transverse; 
P if parallel; S if solid slab, G (for ntc only) if ratio of shear connection is 
given directly; 
bnum(i, 3) - the indicator of potential failure of shear connection in spec- 
imen i or sample i: stud if studs dominant; concrete if concrete dominant. 
9 ns(100,2): 
? i, 8(i, l) - number of shear studs of specimen i or sample i; ns(i, 2) - 
number of studs per rib, Np, of specimen i or sample i; when the ribs run 
transverse to the beam span, and the specimen contains Nj ribs with one 
stud and Nr2 two studs, Np is determined from equation (D. 1); 
V f. 1 
V6ý V I tw) cvb(1), cvb(11) - Vd, I Ih bf ý 
Vf Vtf 
ý 
VAa 
I 
VEa 
7V 
Vfy7 Vha 
I Ia 
respectively; 
CVC(I)) CVC(9) - Vb, ) 
Vh, 
i 
Vhp 71 Vbo 81 Vf.:: 
I 
VWC 9, VL", VCR11 VE, respec- 
tively. 
The main simple variables in ntc and nrb are defined as follows. 
9 nn - total number of specimens plus samples; 
6 
coefficient of variation of h 
7 coefficient of variation of hp 
8coefficient of variation of bo 
9coefficient of variation of W, 
10coefficient of variation of L 
"the coefficient of variation of the required lowest degree of 
ductile shear connection; this is 
set only for convenience in computation and is assigned as zero 
during running of the program. 
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* arg - the factor for determining the strength of shear connector PR, to be 
taken as 0.29 [1]; 
* ip - number of specimens whose rti based on proppped construction ap- 
pears greater than the Mj (for convenience, the group of these specimens 
is named D here); P 
* crnvp, cvoep, ccp - 
L, Vs and p from group Dp, respectively; the rtj is 
calculated using the model for propped construction; 
9 zp - number of specimens whose rti based on unproppped construction 
appears greater than the Mapi (for convenience, the group of these specimens 
is named D,, here); 
cmvu, cvoeu, ccu - b, V8 and p from group D, respectively; the rti is 
calculated using the model for unpropped construction; 
imax, cmvmax, cvoemax, ccmax - number of test specimens in group D, 
b, V6 and p, respectively; the determination of these parameters is in accor- 
dance with assumptions (3) and (4) in Section 3.2.3; 
the increment ratio of basic variables to evaluate the derivatives of 
theoretical resistance for obtaining Vt; this will be chosen by the user (a 
value between 0.001 to 0.005 is recommended). 
D. 3.3 Input files of ntc and nrb 
There are two datafiles to be made by the user: Modn and add. nrb. 
The layout of file inodn is shown as follows. 
nn, csc, arg, 
bnum(1,1), bnum(1,2) 
bdh(1,1), bdh(1,11) 
cps(1,1), cps(1,7) 
cps(119) 
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ns(l, l), ns(1,2) 
es(l) 
... bnum(nn, l), 
bnum(nn, 2) 
bdh(nn, l), -- bdh(nn, ll) 
cps(nn, l), -- cps(nn, 7) 
cps(nn, 9) 
ns(nn, l), ns(nn, 2) 
es(n n) 
and file add. nrb 
arg, ri 
cvb(l), cvb(11) 
CVC(1)' CVC(9) 
In creating these files, it should be particularly pointed out that 
(1) as explained above, nn stands for the total number of beams to be analysed, 
including test specimens and the samples, so file inodn actually contains the 
relevant data for both test specimens and the samples formed thereby, but 
the value of es(O (which represents the experimental value of resistances) 
for the beam samples should be given as zero. Thus, the program will not 
take the samples into account in determining the size of test group and the 
parametres, b, V5 and p; 
the users need not select by themselves the test specimens and samples 
according to assumption (4) in Section 3.2.3. The program will do it; 
(3) the user himself does not need to decide if aspecimen or sample has duc- 
tile or non-ductile shear connection; the program will do it according to 
Eurocode 4 [1]; 
(4) as indicated above, the value for cvc(8) (corresponding toVCR) should be 
taken as zero; furthermore, if h) h bo, W, and L are assumed as determi- I P) 
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nate (as considered in Section 3.2.2 and 3.2.3), then the values for cvb(5), 
cvc(3), cvc(4), cvc(6) and cvc(7) should be given as zero as well. 
Besides the above points, the notes for datafiles, indop and inodpO, (see Sec- 
tion D. 2.5) should be also applied here. 
D. 3.4 Output file of ntc and nrb 
The final results provided by ntc and nrb are recorded into a file named outOdn. 
Like output files for the other programs, the information in outodn is presented 
in form of tables, and is basically self-explanatory. If the names of specimens and 
samples are defined with different names, then the user can easily recognize the 
results obtained for the specimens or the samples. 
The notations for designating the tables entities in outodn are now explained. 
* Under the table title "Results of beams with Ihe non-ductile connection" 
SC ratio and LBSCR - as explained for output file outodp (Section 
D. 2.6)1 
Mapl, Rd - Mapj of test specimens; 
M (unpr. ) - rti for test specimen, found by assuming unpropped 
construction-, 
M (prop. ) - rti for test specimens, found by assuming propped con- 
struction; 
- (maxi. ) - rti for test specimens, in accordance with assumption 
(3) in Section 3.2.3; 
-M by test - r, j for test specimens; 
- (1)1(2) - M,, pl, i/rti 
for each test specimens (where M,, pl, i 
is the Mapl 
for specimen 0; 
- (3)1(2) - r, j/rtj for test specimens; 
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* Fc, Me/Mf - F, and r, j/Mpj, p, for test specimens, resptively; 
e Melp, FclFclp, MPIMf - Mel, R7 FIFl and rti/MplRfor test specimens, 
respectively, where the calculation is made assuming propped construction; 
Mel, u, FelFelu, MU/Mf - Mel, R) FclFel and rti/Mpl, p, for test specimens, 
respectively, where the calculation is made assuming unpropped construc- 
tion; 
e Under the table title "The coefficients of variation and safety indices": 
- kd, Vrt, Vr, Log. Vr - kd corresponding to Pf = 0.0012, V, Vr and 
a,,, respectively-, 
* Under the table title "The Partial Safety Factors": 
- Model factor, Steel S. F, Concrete SY and Connector SY - as ex- 
plained for file outodp (see Section D. 2.6) 
DA Using ctc and crb for beams with non-ductile 
shear connection 
As introduced in Section D. 2, according to data of beam specimens in input file 
inodp, package dc will classify the beams into groups with ductile and non-ductile 
shear connection, and then calculate the parameters, b, V8 and p, for these two 
groups, using the equlibrium method and linear interpolation, respectively. 
Similarly, the beams samples dealt with in package crb are also classifed into 
two groups: one with ductile shear connection and the other with non-ductile 
shear connection. As designed, package crb carrys out the further calibration for 
beams with ductile shear connection (group C), using the relevant values of ý and 
V8, and the group size n. 
However, for the beam specimens with non-ductile shear connection, the group 
size n and the test corrections, b, V8 and p, found in dc will be also read into crb. 
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Therefore, crb can be easily applied to calibrate the safety of using the equlib- 
rium method and linear interpolation to beams with non-ductile shear connection 
(group D). The only modification is to switch over the test corrections, b and V8, 
the group size n. and the mean values of basic variables for beam samples with 
ductile and non-ductile connectors. 
Such a modified package for beams in group D is named crn; it uses the same 
input file as crb, inodpO (see Section D. 2.5). To implement the calibration, user 
may run etc and crn jointly. On UNIX system, same as runing etc and crb jointly 
(see Section D. 2.2), a simple supervision package in C-Shell Scripts can be made 
as follows, 
cp inodpO inodpl 
ctc 
cat add >> inodpl 
crn 
cat outodpl >> outodp 
rm outodpl add inodpl 
The results obtained are stored in the file with the same name (outodp) as 
that for results from running ctc and crb), to which the explaination. has been 
given in Section D-2.6. 
D. 5 Use of program EPPCB1, source programs 
and input data files 
In the following parts, the note for using program EPPCBI (the note and the 
program are all written by R. P. Johnson), as well as all the other relevant com- 
puter files, is given. The documents are listed in the following sequence: 
(1) notes of using EPPCBI 
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(2) source program of EPPCBI, EPPCBI. f; 
input datafile csdat for each test specimen; 
(4) source program of sacb, sacb. f; 
(5) input datafile, inod, for beams in sagging bending; 
input datafile, Mod, for beams in hogging bending; 
source programs of ctc and crb, ctc. f and crb. f; 
source program of crn, crn. f; 
(9) input datafiles, Znodp and inodpO; 
source programs of ntc and nrb, ntc. f and nrb. f; 
(11) input datafiles, Znodn and add. nrb. 
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